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NEWS RELEASE

A variety of civilian uses for new composite plastic materials developed
by the National Aeronautics and Space Administration and its contractors has

been described in a recently completed survey by the Hughes Aircraft Company.

Funded by a NASA contract, the survey emphasizes the potential uses of
these new materials in such industries as agriculture, chemical and petro-
chemical, construction, consumer goods, machinery, power generation and

distribution, transportation, biomedicine, and safety.

The survey points out that selection of one of the new composite materi-
als for any application depends on its savings in weight, advantages in per-
formance, longer service life, and reduced maintenance. In addition to
describing the new materials, the survey briefly covers the methods by which

they can be manufactured.

Over 500 books, technical reports, magazines, and papers were examined
in preparation of the survey. Nearly a hundred personal interviews were also
conducted with NASA scientists and NASA-funded contractors in search of new
materials and their possible non-aerospace applications. The survey should
be of considerable interest to workers in many industries who seek better

materials for their products.
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ABSTRACT

NASA and NASA-funded contractor contributions to the field of composite
materials are surveyed. Existing and potential non-aerospace applications
of the newer composite materials are emphasized. Economic factors for
selection of a composite for a particular application are weight savings,
performance (high strength, high elastic modulus, low coefficient of expan-
sion, heat resistance, corrosion resistance, etc. ), longer service life, and
reduced maintenance. Applications for composites in agriculture, chemical
and petrochemical industries, construction, consumer goods, machinery,
power generation and distribution, transportation, biomedicine, and safety
are presented. With the continuing trend toward further cost reductions,
composites warrant consideration in a wide range of non-aerospace appiica-
tions. Composite materials discussed include filamentary reinforced mate-
rials, laminates, multiphase alloys, solid multiphase lubricants, and multi-
phase ceramics. New processes developed to aid in fabrication of composites
are given.
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Chapter 1

Geuneral Composite Materials Technology

INTRODUCTION

The limiting element on inany advanced design concepts for supersonic
aircraft, rockets, and spacecraft has often been the development of a suitable
materials system. This limitation was particularly evident in applications in
which the materials would be subjected to stresses and environments near their
capacities. Materials were required that were lighter, stronger, stiffer, and
more heat resistant than materials available at the beginnings of the new
designs. Further, most of the new demands placed on materials were for com-
binations of properties not available from one-element or simple alloy materials:
for example, thermal dimensional stability combined with high strength, and stiff-
ness and light weight combined with high stren,th and inherent corrosion resis-
tance. Consequently, developments aimed at the improvement of existing
materials were accelerated, and new approaches were sought.

The requirements for "designed" materials were realized by combinations
of two or more components to obtain composites that had properties superior to
those of the constituents when the latter were used individually, This com-
posite concept is as old as man's technology; e. g., the use of straw in clay
bricks by the ancient Babylonians and the use of wood, horn, gut, and silk to
produce improved laminated bows by the Mongols (ref. 1).

This publication was prepared to present a survey of the field of the newer
composite materials and to report the contributions of the NASA facilities and

NASA -funded contractors in this field, A major consideration in preparation



of the report was to emphasize the existing and potential non-aerospace appli-
cations of composite materials rather than to detail their present aeronautical
and aerospace usage. A'+hough it 1s impossible to list all the potential commer=
cial usages of the NASA developments in 2 report of this nature, it is intended
that the report will act as a catalyst in stimulating further thought on the use of
particular materials or processes for existing and future applications.

A number of definitions of composites exist in the literature (refs. 2, 3, 4)
however, for the purposes of this survey the following definition was
~stablished.

A composite is 2 material made up of several identifiable phases,

combined in an ordered fashion to provide specific prope rties

different from or superior to those of the individual materials.
The composite materials considered here include filamentary reinforced
materials, laminates, multiphase alloys, solid multiphase lubricants, multi-
phase ceramics, etc. In addition, information is included on new monolithic
materials such as polymers, fibers, etc., that might be used as components in
composites. Liquid coatings, greases, and similar semisolids and solid- state
electronic materials are excluded. New processes developed to aid in fabri-
cation of composite materials are also listed. Data on conventional, widely
used composites, such as epoxy-fiberglass laminates, filled thermoset plastics,

reinforced thermoplastics, etc., are given in limited form only, since such

information is already widely disseminated and would be superfluous.

TYPES OF COMPOSITES

The form and nature of the composite constituents influence the composite

configuration. Most composites contain a structural or reinforcing component

|
|
l
i
i
i
!




and a matrix. The reinforcing component may be in the form of fibers, flakes,
particles, and laminae. These reinforcing cornponents, shown in figure 1,

determine to a large extent the physical properties of the composite (ref. 1).

. =

FIBER PARTICLE LAMINA

FLAKE

Figure 1.- Types of structural
constituents.

The reinforcing constituents are held or embedded in the matrix. Matrices
may be organic such as resinous polymers, inorganic such as cement binder in
concrete, or metallic such as copper infiltrating tungsten fibers. The matrix
holds the reinforcement in its original configuration, protects it from the environ-
ment, transfers the load from fiber to fiber or from particle to particle, etc.,
and, in general, is the constituent that determines the shape and form of the
composite. There are, of course, composites that do not have distinct rein-
forcement and matrix compor.ents such as honeycomb sandwiches and bimetallic

laminates. Further, not all types of reinforcements are used in all matrices.
Basic Classification

Composites are usually <lassified by the type of reinforcement used. The

matrix, however, is an important consideration in a complete description of

the composite and is usually given at the end of a composite's name. For example,

boron fiber-aluminum is a composite with an aluminum matrix reinforced by



boron fiber, graphite fiber-epoxy is a compesite with an epoxy matrix reinforced
by graphite fiber, elastomer- coated fiberglass fabric is a composite with a fiber-
glass fabric matrix reinforced by elastomers, etc. The five basic types of com-

posites are illustrated in figure 2 and are discussed below.

CONT ALOLUS DISCONTINUOUS LAM NAR COMPOS TE

F:BER COMPOSITE

PART CULATE COMPOSITE

ELAKE COVPOSITE SKELETAL COMPOSITE

Figure 2.- Classification of structural
constituents.

Fiber composites. — Fiber or fibrous composites utilize continuous or

discontinuous fibers dispersed in a matrix. Composites formed of two fibers
also fall into this type. These fiber-fiber composites, used in production of
special fabrics, have no matrix material, although if one fiber is used in large
preponderance, it functions as the matrix. An example would be a cotton-
polye ster blend.

Laminar composites. — Laminar composites may be formed of two or more

layers of material bonded together. Copper-silver laminated coins, such as a
quarter, are a familiar example.

Skeletal composites. — Skeletal composites are composed mainly of a three-

dimensional continucus network constituent into which is introduced a second
constituent. An open-celled foam filled with resin and a filled honeycomb would

be examples of ‘his ‘ype of composite.
4
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Particulate composites. — Particulate composites are so designated because

of the use of many minute or larger particles of regular or irregular shape,
embedded in a matrix. The most familiar example of such a composite is
concrete. Another is a wood flour or other powder-filled plastic materials.

Short, discrete single-crystal fibers are termed whiskers and are included in

this category.

Flake composites. — Flake composites are similar to particulate composites

except that the filler or reinforcing materials are flakes or flat particles. The
flakes may be held together by a simple interface binder, or the materials may

be completely dispersed in a continuous matrix. An example of a flake composite

would be aluminized paint.

Materials Used

Many of the materials commonly or experimentally used in composites are

shown in tables I and II. Most of these are discussed in this report. It should

be noted that fiber-reinforced composites are by far the largest class of com-

posites used. In this case, glass reinforcement is used in considerably greater

guantities than all the others combined. The reasons for the use of glass include

its good strength properties, good heat resistance, corrosion resistance, low

cost, and a large variety of forms, e.g., yarns, rovings (continuous

fibers), woven fabrics, mats. All the other fibers listed have properties that

make them desirable for specific applications, particularly those in which high

strength or high modulus properties must be emphasized. Table III presents a

summary of the more important properties of the commercially available fibers.




TABLE I.- REINFORCING MATERIALS

sandwich core constructions.

polytetrafluoroethylene (TFE Teflon).

Flake Aluminum, silver, mica, glass.

Skeletal Organic and inorganic foams or sponges,
stocks (honeycomb, corrugated and waffle).

cellular core

Particulate Oxides, whiskers, short fibers, metallic powders and
ceramic particles, graphite, molybdenum di-sulfide,

Class Specific Types
Fiber Glass fibers, organic fibers (nylon, polyester, PRD-49*>,1
boron, graphite, metal fibers, ceramic fibers (aluminum |
oxide, silicon carbide, etc.). asbestos. i
I
LLaminar Fabrics, metal sheets and foils, plastic films, papers, ;

*A new organic fiber, made by the Dupont Company, on
L_information is yet available.

which no constituent

TABLE II.- MATRIX MATERIALS

Class Specific Types

Organic Polyester resins, epoxy resins, polyimides, phenolics,

Polymers thermoplastic resins.

Metals Aluminum, magnesium, copper, nickel, columbium

(niobium).
Ceramics Alumina, zirconia. glass.
The properties of short fibers or whiskers are included because these

materials are commercially available although at very high prices. The tech-

nology of whisker usage is still in the embryonic stage because of the difficulty

in aligning whiskers for optimum reinforcement. For these reasons the data

shown for whiskers represent a compilation of many whisker properties.

L L
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TABLE III. - PROPERTIES OF COMMERCIALLY AVAILABLE FIBERS
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Composite Characteristics

The major benefits offered by composites are their superior properties

compared with those of monolithic materials. A strong, low density laminate

may be made by the use of a lightweight matrix with a high-strength filler.

Similarly, oxides introduced into powdered metal aluminum alloys may raise

the maximum usable temperature from approximately 600°F to 1000°F (316 to

538°C).

Some of the common characteristics of the various types of com-

posites available are shown in table IV. A composite of any given type may

exist in a large variety of configurations or compositions. Therefore, the

characteristics listed in the table should be used as general guides.




TABLE IV.- CHARACTERISTICS OF AVAILABLE COMPOSITES

Type of
Composite

High Strength/
Weight Ratio

High Stiffness/
Weight Ratio

Maximum Temperature
Usage ~350°F

Maximum

Temperature

Usage

To ~500°F

From 500-1000°F

Over 1000°F

Cryogenic Usage -

Structural

Thermal Insulation

Chemical Resistarce

Low Density

Fiber
Glass-epoxy
Glass-polyimide
PRD-49-epoxy
PRD-49-polyimide
Graphite-epoxy
Graphite-polyimide
Boron-epoxy
Boron-polyimide
Boron-aluminum
Tungsten-metal matrix

Laminar
Polymer coated fabrics
Fiber-reinforced film
Honeycomb sandwich
Bi- metallics and inorganic-
metallics
nMetalized organic film

Skeletal
Filled organic foam
Filled metal matrix
Filled honeycomb

Particulate
Dispersion-strengthed alloys
Short fiber-strengthed alloys
Fiber strengthed (ceramics)
Cermets

Flake
Mica-epoxy
Aluminum-epoxy
Glass-epoxy
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COMPOSITE PRODUCTION TECHNIQUES

Production methods for composites are influenced most by the matrix
material. Composites with an organic matrix are laminated, compression
molded, and extruded, the particular technique depending on the type of
reinforcement, the configuration, the service requirements, and the cost con-
straints. Composites with a metallic matrix are laminated, cast, rolled, and
extruded, with the particular technique again dependent on the above parameters.
The differences in production methods between organic and metallic matrices
arise largely from the temperatures and pressures used. The similarities
involve the requirement to surround the reinforcement fibers or particles
with a matrix that transfers the load among the reinforcement elements.

Ceramic matrices are usually cast. Low-strength ceramic matrices
involve the use of chemically setting materials that cure at room tempera-
tures, such as gypsum plaster and cements bonded with alkali silicate binders.
Phosphate and calcium aluminate binders require moderate heating to pro-
mote chemically reactive bonding for medium-strength composites. In high-
strength ceramic composites, the ceramic matrix is sintered and the com-
posite heated to conventional ceramic sintering temperatures. If wire
reinforcements are utilized in a ceramic composite, they must be protected
from oxidation by means of an inert or reducing atmosphere.

Specific production techniques of the basic types of composites are

discussed below.



Fiber-Reinforced Composites

Composites formed of organic resin matrices and fibers may be made by
impregnating the fibers with the resin and then collimating the fibers into thin
sheets or tapes. These are laid up in a unidirectional or multidirectional
arrangement until the desired thickness is obtained. The lay-up is cured under
the conditions of heat and pressure required for the specific matrix material.
Such techniques have been used extensively for fiberglass, graphite, and

boron filament composites.

An alternative technique is to lay the unimpregnated fibers in the desired
configuration in a mold into which resin can then be injected. This method
has been used for both organic resin matrices and for liquid metal infiltration
for those fibers compatible with such a matrix.

Another technique used with boron fibers utilizes metal foils diffusion-bonded
to fibers by high temperatures and pressures. Such a process has been used
to make magnesium-boron and aluminum-boron composites. Electrodeposition
or plasma spraying of a metallic matrix, such as aluminum on fiber, has also

been used to form tapes and sheets, which are subsequently diffusion-bonded

PRy T

using hot-pressure techniques.

Laminar Composites

R e~

Laminar composites are usually made by bonding two or more layers of
similar or dissimilar materials together. The bonding material may be a thin
organic layer such as an epoxy adhesive or a brazing alloy used to form a bi-
metallic laminate. Alternatively, two or more metals may simply be bonded

together by a diffusion technique using high temperature and pressure.
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Skeletal Composites

The skeletal composites may also be called filled composites, because,
in general, the matrix material is the high strength structural component and
the second component is a filler material of lower strength, impregnated or
infiltrated into the matrix. The matrix is a continuous, three-dimensional
cellular material, composed of either an orderly arrangement of honeycomb
cells or a more random, spongelike network of open pores. The network can
be formed of relatively large pores or fine capillaries. Honeycomb matrices
can be made of paper, resin-impregnated fiberglass cloth, or adhesive-bonded,
welded, or brazed metal foil. Composites are made by filling the open spaces
between the cell walls with a ceramic, slurry, or organic liquid or a paste
that is subsequently cured to a solid.

A common form of skeletal composites consists of animpregnated, porous
metal matrix. The open network of the matrix is filled with any one of a number

of impregnants, including organic resins, lubricants, or lower melting metals.

Impregnation techniques include vacuum and pressure filling and the use of
capillary forces to insure filling. An example of the latter technique is a
tungsten matrix filled with liquid copper or silver to provide better machinability, A Y
better resistance to thermal shock, and transpiration cooling of surfaces exposed
to very high temperatures.
Syntactic foam is another common form of skeletal composite, The
matrix is usually an epoxy resin, filled with small, hollow, gas-filled spheres
of glass or plastics. The spheres reduce the weight of the structural matrix and

form the cellular configuration.




Particulate Composites

Production of particulate reinforced composites consists of uniformly
dispersing a particulate reinforcement throughout a matrix material. The
particulate reinforcement may be discrete particles such as oxides, carbides,
metaliic whiskers, etc., or it may be composed of particles formed in the
matrix or precipitated out of solution. Particulate reinforced composites have
been made using organic, ceramic, and metal matrix materials. The most
widely used class of particulates are plastic molding materials that utilize
various types of fillers or reinforcements such as clay powders, glass or
cellulose fibers, etc. Since these are very commonly used, they will not be
discussed in this report. Metal matrices are currently the materials that are
receiving the most emphasis as precursors for the production of particulate-
reinforced composites. This emphasis exists because metal matrix materials
are best suited for combining with the high strength, high heat resistant parti-

culates such as carbides, oxides, etc., usually used in the form of whiskers.

The specific techniques that have been used for the production of metal matrix :
composites are (ref. 3): {
1. Aligned eutectics. A second or reinforcing phase is produced in situ N
by unidirectional solidification of a eutectic mixture. This technique '
is in the early developmental stages.
f

2. Reaction of two liquids to form a new phase in the subsequently solidi-
fied metal matrix. An example of this technique is the mixing of
copper-thorium and copper-boron alloys as liquids in adequate amounts

to form a dispersion of thorium boride in the copper. This stegp is

12
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followed by casting or atomizing and consolidation by powder
metallurgical methods (compacting, sintering, extrusion) to control

the size of the dispersions.

Gas-solid reactions. One of these reactions involves internal oxidatisn,
in which one metallic cornponent is selectively oxidized in situ by
diffusion of oxygen into the alloy at elevated temperatures. Examples
of composites made by this technique include sintered aluminum
powder, copper-silicon, copper-aluminum, and nickel-thorium.
Mechanical mixing of component powders. This technique is essentially
a powder metallurgical operation that permits many combinations of
components. A major difficulty of the technique is the achievement of
vniform dispersion without excessive agglomeration of dispersed
phases. Two examples of commercially available dispersion- strengthened
composites are TD nickel, a thorium- oxide strengthened nickel, and
dispersion-hardened copper in which a small percentage of beryllium
oxide is used to upgrade the elevated temperature strength, crystalli-

zation resistance, and electrical stability of the copper.

Flake Composites

Flake composites are perhaps the least known of the composites (ref. 1),

possibly because the reinforcing fillers are seldom identified by the term flake.
Flake materials such as glass, aluminum, and mica are generally combined with
an organic binder, usually an epoxy: which is used in quantities just sufficient

to coat the flakes at the interface. In general, the flake particles are used as

13



fillers in the matrix and are worked as coatings or as molding materials so as
to align the flakes in a laminar configuration. The best known, and probably
most widely used, flake composite is a glass-mica composite available as
molded parts, shapes, or sheet stock. The production process, details of
which are proprietary, consists of a mixture of glass and mica, pressed under
heat and nressure to the desired shape. The use of aluminum flakes in coatings
is also well known; in this composite advantage is taken of the high reflectivity
of the alt minum flakes and the moisture and liquid barrier properties obtained

by the tightly laminated structure.

ECONOMIC CONSIDERATIONS

The economic considerations in the selection of a material for a particular
application are complex. While parts made of composites are usually, but not
necessarily, more expensive than similar parts made of monolithic materials,
they often weigh less or perform better. To justify the additional cost, com-
parisons on the basis of lifetiine cost are necessary. The following factors
must be taken into account.

° Weight savings

° Performance advantages (higher strength, modulus,

low coe’fic 2nt of expansion, heat resistance, corrosion
resistance, etc.)

) Longer service life

°® Less maintenance

It is necessary to consider composites at the earliest stage of design to

achieve maximum weight saving and performance. Benefits accumulate through

14
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the ""cascade effect"; e.g., weight savings in one part of a structure lead to
additional weight savings in associated structures. Lower weight reduces
shipping costs. A material with a low coefficient of expansion would not re-
quire thermal environmental control. Longer service life and less mainte-
nance reduce product warranty costs (ref. 5).

The importance of weight saving is readily recognized inanumber of indus-
tries. In automobiles, for example, the reduction of body weight by one pound saves
the manufacturer 6¢ to 10¢ in the powerplant. In mass transit trains and trucks,
a pound saved has been valued at up to $2 annually in operating costs. It has
been estimated that each pound saved in a subsonic aircraft will result in a
savings of $70 to $500 during the life of the aircraft. The savings of 1160 pounds
in the floor of a cargo plane would amount to a lifetime savings of $580, 000.

The use of composites with high specific strength in large commercial aircraft
could increase their life-time ton-mile cépacities by at least 25 percent (ref. 6).
With the exception of fiber-reinforced composites, most other structural

composite materials are still in the developmental stage, and, because of the
rapid pace of development, today's estimates could easily change a year from
now. It is, therefore, extremely difficult to make an accurate economic analysis
of the newer, non-fiber-reinforced composite materials. The cost data given

in the following section relate principally to fiber-reinforced composites of

high strength or high stiffness and represent only a best current estimate.

Cost of Materials

Because the matrices of the newer, more highly priced composite materials
are nearly always conventional resins or metals, it is the cost of fibers that

governs the cost of the composite. These costs today are high, but with
15



increasing volume, they are expected to decrease. For example, the decreasing
cost of boron and graphite prepregs has been projected as shown in figure 3

(ref. 7). The 1972 price ot boron fibers is $250 per pound with an expected
decrease to $75 per pound by 1975 and to $50 per pound by 1980. Similarily,

the price of graphite fiber is expected to drop from the current level of $350

to $275 per pound to $65 per pound in 1975 and to $36 per pound in 1980 (ref. 8).
Other high modulus fibers such as PRD-49 at $50 per pound and boron nitride
filaments at $175 per pound, as well as graphite and boron, may compete in
some applications with low-cost glass-reinforced composites at $0.50 to $10

per pound.

HIGH MODULUS MATERIALS

Figure 3.— Projected costs of boron
and graphite prepregs.
(from ref. 7)

300

200

DOLL ARS PER POUND DF PREPREG

100

(Reprinted with permission of
. . X the Society of Plastics Engineers

1965 1970 1975 1980 Journal.)

One apprcach for minimizing the cost of advanced composite structures
has been selective enhancement of the properties of low-cost fiberglass-epoxy
by the addition of high-modulus fiber reinforcement. Another cost reduction
technique is the incorporation of high modulus fibers in 2 metallic structure
to reinforce the predominantly metallic structure. This hybrid concept of
mixing various fibers in a resin-matrix composite or adding fibers to the

metal structure has aroused considerable interest among governmental agencies
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and will have considerable commercial potential (refs. 5, 7). A possibility
exists of reducing the price of a fiber material, in this instance, graphite
fiber. The price of graphite fiber could be reduced to $10 per pound if high-
strength, high-modulus fiber could be mass-produced from pitch instead of
from the usual synthetic textile precursor (ref. 9).

In general, then, higher prices must be paid for higher performance until

volume and new developments can alter the situation.

Cost of Manufacturing

Processing costs are an important factor in the selection of a composite using
a resin matrix versus a metal matrix. One of the goals of current composite
research is to convert the raw materials into finished products in single-step
processes, using the simplest possible tooling. In this respect, the use of an
erganic resin as the composite matrix offers promise of considerable savings
over the cost of metal matrices because of the greater ease with which the
organic materials can be processed.

Resin-matrix composites.— In the manufacture of resin-matrix composites,

a shape can be built up from preimpregnated tape on a form, in contrast to
grinding, machining, eroding, or forging it out of a block as is done in metal
fabrication. This technique provides several major advantages: organic matrix
composite parts can be of variable thickness and of practically unlimited size
and can be made with integrally molded stiffeners, fittings, and attachments.
These advantages may bring the cost of manufacturing parts below that of con-
ven-ional metal parts and may result in shorter overall fabrication time as

well, Improvements in the porosity of finished parts for paint acceptance, in

17



curing time, and in dimensional stability are necessary, however, for low-cost,
mass-produced items.

Metal- matrix composites.— Single-layer preforms of boron/aluminum alloy

are commercially available at $560 to $660 per pound. These preforms are
produced by liquid infiltration, diffusion bonding, or plasma spraying of boron
fibers in tape form. With further reductions in the price of boron filaments,
the cost of preforms would also decrease.

After preparation of the preform, subsequent fabrication is by hot-pressure
bonding, either diffusion or brazing, in various configurations. While the
diffusion bonding process offers a small si. ength advantage, the brazing process
appears to be simpler and cheaper. The current and projected costs of
fabrication by hot-pressure bonding of single-layer boron/aluminum tapes

are as follows.

Year Cost per pound
1971 $500
1974 200
1979 100 - 125

The cost is based on 5.6-mil boron fiber at $210 per pound in 1971 and $100
per pound in the 1974 to 1979 period (ref. 10).

Rods, tubes, beams, angles, and channels of aluminum or magnesium
reinforced with boron fiber and coated with silicon carbide have been produced
by a continuous casting process. The economics of this process are sufficiently
superior to those of hot-pressure bonding that considerable developmental
effort has been exerted in this area. The cost per pound of continuous-cast
structural forms at a moderate annual production rate of 2000 pounds has been
estimated to be $230 per pound in 1971 and $150 per pound in 1974-1979

(ref. 10).
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Chapter 2

Composite Applications and Descriptions

Designers and engineers are finding, more often than not, that
technologically advanced hardware concepts and lower lifetime costs of com-

ponents and systems hinge on the availability of the right material. The

demand for materials with tailored, multifunction properties is increasing. This

demand has accelerated the growth of composites.

Advanced technological fields, such as space exploration, by their very
natures reach beyond the state of the art in materials to satisfy performance
requirements. Consequently, NASA has sponsored the development and
extended the use of many new composites. Many of these materials have made
possible the hardware used in aircraft and spacecraft, including their propul -
sion systems. Some of these composites are now used in industry, and many
could be used to help provide the technological advancement and lifetime cost
savings that are the lifeblood of industry.

The two-fold purpose of this chapter is to present 1) an overview of
applications for composites and 2) a general description of basic composites

using each class of reinforcement.

COMPOSITE APPLICATIONS

Existing and potential applications for NASA -developed composites in |
eight industrial areas are given in table V. These applications are presented
as a matrix of application areas and composites, classified by reinforcement

as in Chapter 1. The matrix serves as an introduction to a more detailed
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treatment of composites in the succeeding chapters. Some composites are
very new or are incornpletely developed; consequently, they are in very lirmited
use. This factor accounts for blanks in the matrix. In the following chapters,
then, each application area is discussed in detail with specific references to

NASA and other sources of information.

COMPOSITE DESCRIPTIONS

Chapter 1 dealt with the classification of composites by structural con-
stituents. This part of Chapter 2 extends the presentation to specific compos-
ites, discussed according to the classification given in Chapter 1. The discus-
sion includes various matrices that are used with the reinforcement (one or
more), important typical properties, manufacturing methods, advantages,
and deficiencies. In addition, discussion of some very new composites with
limited use is presented here because they have good application potential.
Extensive references are included so the reader may obtain complete informa-

tion where desired.

Fiber Composites

The most frequently used fiber composites consist of boron or graphite
fibers with polymer or metal matrices, fiberglass in polymer matrices, and
metal fibers in metal matrices. Various processing techniques have been
found suitable for the different composites, depending on the ultimate proper-

ties desired and/or the cost.
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Boron Fibers

Boron (tungsten core) fibers. — Boron fiber with a tungsten core falls into

the class of advanced structural composites and was the first to find practical
application. Boron filaments are prepared by the deposition of boron on a
substrate of 0. 01 mm (0. 005 inch) diameter tungsten wire. Two filament
diameters are available — 0.004 inch and 0. 0056 inch. Properties and cost
figures are presented in table III in Chapter 1.

Boron fibers are produced in continuous lengths. Dur'ng processing they
are collimated at a precisely controlled spacing and introduced into the matrix
(metal or resin). The larger diameter of boron fibers compared with graphite
fibers permits easy collimation in unif>rm patterns. The specific processes
are dependent on the matrix used.

Some advantages of boron fibers are the combination of high strength,
the equivalent of fiberglass, and of high modulus, four times that of fiber-
glass. Properties are consistent, and reliable design allowables may be
determined for composites. Some disadvantages are the stiffness of fibers
which prevents their being shaped to small radii or fillets. In addition, the
density and cost are high because of the tungsten wire core.

Boron fibers/polymer matrix. — Polymer matrices used with boron

fibers include epoxy resins, polyimide resins, and other special purpose
resins. Epoxy resins are the most widely used matrix because of their

good overall strength and ease of processing. Polyimide resins have

been used in very limited quantity. As a matrix, these resins offer
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structural use at higher temperature, better resistance to moisture than
epoxies, and nonflammability. However, polyimides are difficult to process,
requiring special equipment to obtain cures at 600°F (316°C) in contrast to tne
more generally used 350°F (177OC) and lower for epoxies. Another signifi-
cant drawback is the release of volatiles during cure which causes voids in

the matrix that reduce the strength (ref. 11). Improvements in polyimides
should eventually eliminate this problem (ref. 12).

Some typical temperature-related properties are presented in figures 4
and 5 (ref. 13). Strength-to-density data are presented because of the weight
significance in most structural applications. These data represent maximum
typical properties of composites that have all the fibers oriented in one direc-
tion. Properties are reduced when combinations of orientations are used in
a composite, e.g., attempts to obtain equal planar strength in all directions,

such as in sheet metal.

" SRAPHITE POLYIMIDE {HIGH STRENGTH

5.0 S .
BORON POLYIMIDE

_ _BORON EPOXY

>

GRAPHITE POLYIMIDE
. _[HIGH MODULUS)

w
o .

N
o

~ sorsic®aLuminum

ULTIMATE TENSILE STRENGTH TO -
DENSITY RATID ~ MILLIONS OF INCHES

1.0/ \.:“7~ po -
BORSICEOTITANIUM i 3
o 1
o 200 400 600 800 1000

TEMPERATURE ~°F

Figure 4.— Ultimate tensile strength-to-density ratio data
for typical composite materials. (from ref. 13)

(Reprinted by permission of the Society of Aerospace
Material and Process Engineers. )
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Figure 5.— Elastic modulus -to-density ratio data for typical
composite materials. (from ref. 13)

(Reprinted by permission of the Society of Aerospace Material
and Process Engineers. )

The directional properties of fibrous composites are advantageous.
Structures are manufactured by stacking layers of unidirectional material in
selected orientations to efficiently match the applied load direction. Some
typical examples are shown in figure 6.

The structural efficiency of boron/epoxy structures can be demonstrated
in a lightweight truss application. This truss consists of a series of thin wall
tubes attached to each other by a metal joint, a construction typically used in
aircraft or bicycles. Compressive structural loads are applied along the
axis of each tube and failure is usually by buckling. In a recent investigation
by NASA, two types of tubes were compared — all aluminum and all boron/
epoxy (ref. 14). Tubes ranged in size from 1/4 to 1 inch in diameter and up
to 25 inches long and were designed for equal strength. Including the metal
joint, the boron/epoxy tube truss was one-half the weight of the aluminum tube
truss. Similar comparisons showing significant weight savings have also been

made with titanium and aluminum alloyed beryllium (refs. 15, 16).
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Figure 6.— Fabrication of composite structures. (from ref. 19)

Another application for boron/epoxy is to stiffen metal tubes with a wrap
of boron/epoxy (refs. 17, 18). In this concept, joint design is often simplified.
Also, existing structures can be strengthened and stiffened, but great care
must be exercised where vibration loads exist, because dynamic properties
are very different.

Still another approach is to infiltrate epoxy resin into circular or irregu-
larly shaped hollows that have been filled with boron fiber (ref. 20). The
process is a relatively simple and inexpensive method for achieving a high
~trength/high stiffness hybrid structure. A bundle of boron filaments are
inserted into a hollow metal section. Subsequently, the hollow is infiltrated

with resin and the resin cured. An infiltrated beam section and a hybrid
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I-beam with infiltrated hollows (half round areas) are shown in figure 7. In

a ‘tudy of an infiltrated hat section stiffener, a comparison was made of an
all-coraposite construction and a monolithic metal stiffener. Fach construc-
tion was optimized for equivalent load capacity. The infiltrated stiffencr
weighed 35 percent less than the monolithic. The all-composite s'iffener
weighed 50 percent less but required slightly more than twice as much borony/
epoxy. Thus, for an extra 15 percent weight savings, substantially more
expensive composite material was required. Inclusion of manufacturing costs
in these comparisons would produce more savings for the infiltrated stiffener

(ref. 20).

METAL

SORON
COMPOS!TE STIFFENER

b.— Hybrid I-beam
stiffened by boron
fiber /epoxy
infiltration.

(from ref. 20)

a.—Typical infiltrated
becam element.
L]
(from ref. 21) lllllLJL'

——— 2 INCHES

- ~ m vy

Figure 7.— Irfiltrated boron fiber/epoxy resin structures.

(Reprinted by permission of the Society of Aerospace Material
and Process Engineers.)
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Boron fiber/metal matrix. — Metal matrices offer the capability of higher

service temperature than polymer matrices. In addition, the higher shear
strength improves load transfer among the fibers. However, high process and
service temperatures degrade room temperature properties. On exposure to
air at 932°F (SOOOC) and above, boron filament strength decreases continually
to ultimate degradation. In addition, boron filaments interact with metal
matrices at high temperatures to cause fiber degradation. To prevent this
degradation, the filaments are coated with silicon carbide or a nitride com-
pound. The silicon carbide coated material is called Borsic.d<

Boron filaments are used with several metal matrices, the most common
being aluminum. Boron/aluminum composites can be produced in many ways:
casting or molten metal infiltration, plasma spraying aluminum over parallel
filaments laid down (collimated) over aluminum foil, powder metallurgy, electro-

plating, vapor deposition, and diffusion bondii:g. Plasma spraying and diffusion
bonding are the most popular. This latter process is performed by interleaving
collimated fibers between two layers of aluminum foil and pressing at tempera-
tures between 932 and 1112°F (500 and 600°C) and at pressures near 900 psi.
The final thickness and size of a sheet is determined by the number of layers
of foil and filaments.

Plasma spraying results ina monolayer, or single ply, intermediate
product. These plies are subsequently bonded by diffusion methods (see
above) into multilayer composites that may be of varying thicknesses and
curvatures. The process has greater versatility than the one-step diffusion

bonding and permits the component manufacturer to purchase monolayer tapes

*Patented by Hamilton Standard Div. of United Aircraft.
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and fabricate them to a particular configuration (ref. 22). Typicalproperties
of boron/aluminum composites can be seen in figures 4 and 5. These proper-
ties are for unidirectional fiber composites only.

The combination of aigh pressures and ten-peratures used in diffusion
bonding adds considerable cost to the composite. In recent work done for
NASA, a process using much lower pressures (200 psi) has been developed
that allows fabrication of larger panels (ref. 23).

The structures described above are expensive, mainly because of the
batch processes involved. Continuous fabrication is a logical approach to
lower costs. NASA is currently developing a method consisting of continuous
consolidation of aluminum foil-wrapped boron filaments into tubes, rods, hat
sections, and T sections. The fibers are wrapped by a continuous automatic
process and fed into tooling that applies pressure in radial and circumferential
directions, as well as sufficient heat for fusion bonding. All fibers are aligned
unidirectionally {ref. 24).

Another process is performed by continuous casting in two steps. The
first step produces a small preform consisting of 15to 40 filaments in round
or flat (tape) cross-sections. This is the general purpose preform. These
are then consolidated into the desired shape by the same continuous casting
process. This process is also suitable for magnesium matrix composites.

A variety of cross sections can be made, such as I-beam, circular, angle,
annular, and lenticular. Fibers can be oriented only unidirectionally (ref. 25).

Another advantage of the continuous casting process is the selective con-
centration of boron filaments where they are most effective. Obviously, this
process is a more cost effective use of expensive boron filaments. Com-

posites produced by this process have higher compressive strength in both
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the crushing and buckling modes of failure because of the higher filament
content and stronger interfacial bonding.

A unique technique for fabricating finite lengths of boron/aluminum tubing
has also been developed (ref. 26). The composite tubing is built up from a
series of concentric, ductile aluminum alloy tubes that have longitudinal slots
along their outer peripheries in which boron fibers are imbedded. The fibers
are placed in the slots of the tube of the smallest diameter, and the subassembly
is then encased in a slotted aluminum alloy tube of larger diameter (see fig-
ure 8). This assembly is passed through a die which brings the two tubes with
the imbedded fibers into intimate contact (with pos sibly a slight reduction in

diameter}. The process is repeated by superimposing tubes of successively

SLOTTED ALUMINUM TUBE
BEFORE ASSEMBLY OF FIBERS

~

—yy

STEEL SLEEVE

Figure 8.— Experimental boron fiber-reinforced aluminum alloy tubing.
(from ref. 26)
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larger diameter over the preceding assembly until the desired outer diameter of
the fiber-reinforced aluminum alloy tubing is attained. A sleeve of high-strength
steel is then fitted over the composite aluminum alloy tubing and the two are
drawn into intimate contact. The entire assembly is heated to diffusion bond the
aluminum tubes and age harden the steel sleeve. Pressure is applied by the dif-
ference in thermal expansion of the metals; the aluminum expands toward the
steel sleeve.

Titanium is being explored as a matrix for boron filaments because of its
overall high strength. A major problem exists in the high reactivity of boron
with titanium: a thick reactive zone results around each filament (ref. 27). This
zone has a critical thickness beyond which the mechanical properties are
degraded, especially at elevated temperatures [ 1202 to 1400°F (650 to 7600C)].
Property improvement is obtained by protecting the filaments with silicon carbide
(Borsic) and nitride coatings. Specific strength and modulus data for boron/
titanium composites are shown in figures 4 and 5.

Magnesium is a very good matrix for boron filaments. No fiber protective
coating is necessary. Composites are nearly 20 percent lower in specific gravity
than with an a2luminum matrix. Tensile strength of unidirectional aluminum and
magnesium composites fabricated by the same process are presented in

table VI (ref. 28).
Graphite Fibers

Types of grarhite fibers. — High strength, high modulus graphite fibers are

produced by the controlled heating at high temperature of organic fibers. Two
types of precursor organic fibers are commonly used — rayon and polyacrylon-
itrile (PAN). Graphite filaments are approximately 0. 0003 inch in diameter,

although the fiber cross-sectional shape varies from round to irregular to
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TABLE VI.— PROPERTIES OF CONTINUOUS CAST
20-MIL-DIAMETER ROD

0° Tensile 0° Tensile
Matrix Strength Modulus
(103 psi) (106 psi)
AZ92 Magnesium
300 42
EZ33 Magnesium
2024 Aluminum 150 42

dog bone.

Fiber density increases with tensile modulus and ranges from

0. 054 to 0. 070 1b/in3, nominally 78 percent the weight of fiberglass.

Fiber properties can be tailored by the production process. Modulus

values are available from 30 to 75 x 106 psi and tensile strength vai-2s from

250 to 400 x 10° psi. However, any combination of strength and modulus is

not available because, generally, fiber strength varies inversely with modu-

lus. Other important graphite fiber properties include:

Good lubricity.

Near zero thermal expansion coefficient. Some fibers have a
negative coefficient; that is, they shrink on heating and expand
on couuling.

Resistance to thermal shock.

Electrical conductivity. Fibers can dissipate electrostatic charges.

Ready conformance to corners of small radius (0. 030 inch) and fillets.

Graphite fibers are very stable and retain most of their strength and

stiffness at high temperatures. These are important properties when
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high-strength, high-temperature, metal matrix composites are considered.
With polymer matrices, fiber wetting to obtain good interlaminar shear
strength is a problem; consequently, the fiber manufacturers are devoting
considerable attentior to fiber surface treatment. This treatment generally
consists of a chemical oxidation, sometimes followed by a polymer compatible
sizing. Actual treatments are proprietary and confidential.

Graphite fibers are available in various forms. The fibers made from
rayon precursor are supplied as 720 filament twisted yarns; the fibers made
from PAN precursor are available in bundles of 10, 000 collimated filaments,
called tows. Also available are 1, 2, and 3 thousand filament tows, twisted
or untwisted. The availability of many forms provides a versatility in com-
posite manufacturing that is similar to that of fiberglass. Indeed, the fiber-
glass handling and composite manufacturing methods (using polymer matrix)
are applicable to graphite fibers. Recently, these high-performance fibers
have become available as woven cloth in a few patterns similar to those used
for fiberplass. It should be noted that composites reinforced with cloth will
have lower -~tructural properties than when tows or yarns are used in a cross-
plied pattern.

Fabrics woven from high-strength graphite yarns have been tested (not as
a composite) at temperatures up to 2500°F (13710C). These fabrics had a
higher strength-to-weight ratio than any other fabric at temperatures above
600°F (3160C). Graphite fibers oxidize rapidly in air temperatures above
1400°F (760°C) and require a protective coating. At lower temperatures, a
flexible coatirg of electroless nickel, silicon dioxide, silicon carbide, or

silicone is required to prevent strength loss from abrasion (ref. 29).
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Omniweave ® is another woven form in which graphite fibers may be
obtained. This novel process results in multidirectionally reinforced, thick
fabrics composed of interlocking fiber elements that travel in depth so that
discrete fiber layers are not formed (ref. 30). The system is very suitable
for fiberglass, as well as for graphite fiber composites, and will be dis-
cussed later in this chapter in the section on fiberglass.

Graphite fibers/polymer matrix. — Epoxy resins have been used more

than any other to make graphite fiber composites because of their generally
good overall strength, resistance to chemicals, ease of processing, and
availability in wide variety. Some limited work has been done with polyesters
and several thermoplastics but with little promise of results. At service tem-
peratures in excess of the limitations of epoxies (greater than 190°C), poly-
imides are mostly used (ref. 31). Other, more exotic resins, e.g., poly-
benzimidazole, pyrrones, etc., are being evaluated experimentally (ref. 235).

Polymer matrix composites are generally made from prepregs consist-
ing of collimated yarns or tows impregnated with the liquid resin. These
unidirectional fiber tapes are made in any width, usually from 1/4 inch to
10 inches, and in lengths limited only by packaging considerations. The pre-
pregs are flexible, tacky, and capable of conforming to complex tooling con-
tours. Tapes are laid side by side and in layers, with fibers oriented in
predetermined directions, or orientations, related to structural load appli-
cation or thermal expansion characteristic.

Epoxy resin matrix provides the highest specific strength/and modulus
available in graphite fiber composites. The properties depend greatly on the
type of fiber and resin. In general, this type of graphite fiber composite has

an ultimate tensile strength-to-density ratio of 1.5 to 4 x 106 inches and

33



an elastic modulus-to-density ratio of 400 to 800 x 106 inches. Comparisons
with other fiber composites are shown in figures 4 and 5. Properties at
350°F (177OC) are 50 to 100 percent of those at room temperature, depending
on the epoxy resin. Properties degrade rapidly above 450°F (Z3ZOC). In the
300 to 400°F (149 to 204°C) range, properties degrade substantially after ex-
posure for several weeks to a normal humid atmosphere at room temperature.
Research is being conducted by NASA to study the humid atmosphere
degradation phenomenon so that the problem can be corrected (ref. 32).
Additional data on epoxy resin composites may be obtained in ref. 33.
Polyimide resin matrix provides the highest temperature performance of
the commercially available polymers that can be processed by reasonably
practical means. Typical properties are shown in figures 4 and 5 for com-
posites with high strength and high modulus fibers. The strergth and modu-
lus retention at elevated temperatures far exceeds that of epoxy resin systems.
The long term retention of strength at elevated temperature is shown in
table VII (ref. 33). These properties are highly influenced by the quality of
the composites. Because, during cure, most polyimide resins produce vola -
tiles which tend to create voids, the quality depends oa reducing the trapped
gases. This tendency to create voids depends on resin chemistry and proces-
sing techniques. NASA is developing new resins (ref. 12) and improved
processing techniques capable of producing low-void complicated parts with
little more difficulty than graphite/epoxy parts (ref. 33). Polyimide resin
composites have also been tested for high-temperature strength retention
after lengthy exposure to normal moist atmosphere at room temperature,

they showed no significant change (ref. 34).
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TABLE VII.— FLEXURAL STRENGTH OF GRAPHITE /POLYIMIDE
(HT -S/RS6234) COMPOSITE SYSTEM AS FUNCTION OF
HEAT AGING TIME AT 600°F (316°C)

Room Temperature Flexural Strength
Time at 600°F Flexural Strength at 600°F
(hours) (103 psi) (103 psi)
0 207.9 146. 6
140 185, 1 187.6
250 196.2 150. 6
325 224.3 133. 4
408 - 149.9 107.2

Graphite fiber processing techniques.— Graphite fiber /polymer composites

are usually manufactured as discrete components one at a time. Unidirectional
fiber prepreg tapes of required width and length are placed on or in tooling.
The fibers are oriented in each ply as required. Pressure and heat are
applied according to specific schedules. Application methods used are vacuum
and oven, autoclave, or hydraulic press. Molding compounds have been made
by impregnating fibers and cutting them to lengths of 1/4 to 1 inch. These are
then compression- or transfer-molded with matched metal tools in a hydraulic
press. The latter processes are lowest in cost but the mechanical properties
are poorest because of the random fiber distribution. Costs are high in the
former methods because the process is discontinuous.

In recent work done for NASA, a continuous process, called Pultrusion,
has been applied to fabricating structural hat sections using graphite fiber;
and epoxy resin (ref. 35). Unidirectional fiber tapes with fibers oriented

in the machine direction and +45 degrees are used. The hat-shaped section
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comes out of the machine at 90 degrees to the normal position of a hat when

worn; to make circular parts, the section is curved in a horizontal plane with the
wide base on the outside of a 30-foot diameter circle. These structures are ring
frames for potential use on the space shuttle. Other profiles can also be

made, such as bars, angles, and channels. These and the hat-shaped profiles
are usually straight extrusions; the curved ring frames are a special applica-

tion demonstrating the versatility of the system.

Graphite fibers/metal matrix.— Graphite fibers are chemically quite

stable and retain most of their strength and stiffness at high temperatures.
These are important properties when inclusion of graphites in high-strength,
high-temperature, metal-matrix composites is considered. Limited solu-
bility in metal matrices can provide a mechanism for achieving good filament-
matrix (interfacial) bonds. Because golubility can result in fiber degradation,
where it is extensive, the graphite fibers can be protected by special coatings
such as nickel and nitrides (ref. 36).

Nickel matrix composites have been prepared by uniformly electrocladding
the fibers with nickel and consolidating the aligned coated filaments by hot
pressing. Composite properties are influenced by pressure and fiber volume.
With optimum conditions, specific tensile strength is as shown in figure 9
(ref. 36). It is clear that specific composite strength is superior to that of
nickel, TDnickel, and nickel alloys (Hastelloy) up to 660°F (3500C). Improve-
ments in processes should result in composites having superior strength over
the entire temperature range to 1100°C.

Aluminum matrix/graphite fiber composites offer several advantages.
These include higher specific strength in the intermediate temperature range,

the extension of structural use of aluminum to 8000F (4300C), and good
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Figure 9.— Strength comparison of graphite /nickel composite with
other high-temperature materials, (from ref. 36)
thermal conductivity equivalent to that of reinforced aluminum. Other advan-
tages are easier machining and forming over smaller radii than with boron
fiber composites.

Because of these advantages, NASA sponsored an investigation of metal
matrix composites including graphite /aluminum for space shuttle heat
radiators operating at up to 806°F (4300C) (ref. 23). During this investiga-
tion, a nickel coating was used on the fiber to prevent fiber reaction with the
aluminum at elevated temperatures and to prevent subsequent degradation at
high temperatures. Also, good bare fiber wetting by aluminum was demon-
stratec¢, which indicates a potential use of graphite/aluminum composite at
moderate temperatures without fiber coatings.

A process for fabrication of graphite/aluminum composite has been
developed by NASA using aluminum alloys 1100 and 6061 (ref. 37). The unique
feature is that diffusion and consolidation were accomplished without atmos-
pheric controls. However, the samples produced had only 8 volume percent
of graphite fiber (50 percent is preferred). Although only in the experimental

stage, the process offers lower cost potential. Some properties of
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composites produced by this process and by still another, liguid infiltration,
are presented in table VIII (ref. 38). It should be noted that composite

properties are proportional to the fiber volume.

TABLE VIII.— GRAPHITE /ALUMINUM PROPERTIES

Fiber . e R Specific

Aethod Volume (L ZS) W (Ing 7;‘1%: [ '(\: 82“]‘1: ) Modulus
(percent) psi 1 psi (106 in. ) '
‘ ) | ] ) .

Cast Infiltration 23 ! 106, VOO0 \ 21 | 0,082 260
A-13 alloy :‘ ,’

Diffusion Bonded. 1100A1l 8 18, 600 2,7 0.094 103 £
5
Diffusion Bonded, 6061A1% % 19, 000 10. 8 0,093 114 ’
i
1 “Not heat treated i
K

.
[raves——"

(Reprinted by permission of the Society of Aerospace Material and Process
Engineers.)

]
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A serious difficulty with graphite fibers in metal matrices is that only
60 to 75 percent of the fiber strength and 75 percent of the modulus is realized.
This result is partially attributed to fiber damage during processing. With
polymer matrices, greater property translation is common, especially modulus,
because of the polymer fluidity and the lower pressures used in manufacturing
composites.

Fabrication with small diameter (0.0003 inch) graphite fiber is difficult

because molten metal reaction causes fiber damage from solid-state deforma-

ticn into the bundle of thousands of small fibers. The interfarial reaction during

i e

fabrication or during elevated temperature service cause- fiber degradation.

Protective coatings to reduce the degree of reaction can be applied more
easily to larger diameter (0.002 to 0.010 inch) fibers. Also, the volume of

coating material is much smaller for the larger fiber because of the smaller
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surface-to-volume ratio (ref. 39). For these reascns, NASA has sponsored a
"fat'"' carbon fiber program.

High-strength carbon fibers of large diameter have been prepared by
deposition of carbon from a vapor phase onto a graphite fiber substrate. The
diameters of the new fibers are large enough to permit application of the
state-of-the-art fabrication techniques used for boron/metal matrix composites
(ref. 40). These include infiltration by polymeric and metal matrices, dif-
fusion bonding, plasma spraying, etc.

Graphite fiber application.— The effectiveness of graphite/fiber com-

posites in optimizing weight critical structures is demonstrated in the follow-
ing aercspace example (ref. 41). A study was made of the relative weight
saving potential of various advanced fibrous composite mate rials when used
in the design of the support structure for the space shuttle orbiter main
engine shown in figure 10. The elements analyzed were the tubular com-
pression struts.

Two basic design approaches were used in this study, both of which
encompass the hybrid concept. This concept is a combinaticn of monolithic
metal (alurninum and titaniumj} and fibrous comvposite material. In design A,
the preponderance of material was monolithic metal; in design B the primary
structural material was fibrous composite. Designs were optimized to mini-
mum weight for identical load support. Table IX shows the weight advantage
offered by a high-strength graphite fiber/epoxy resin composite.

Cost effectiveness in this design depends on the material and manufactur-
ing processes, which were not studied. No doubt, the hybrid is more costly,
but system analysis would indicate that the strut weight reduction would

have a cascading effect on other sub-systems creating a significant cost and
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Figure 10.— Orbiter main engine support structure.
{from ref. 41)"

TABLE IX.— TOTAL WEIGHT OF COMPRESSION STRUT *

Material Weight (pounds)

Aiuminum (Al) 111.6
Titanium (T1i) 71.1
Design A

Al + Graphite/Epoxy 64.9

Ti + Graphite/Epoxy 53.3
Design B

Graphite/Epoxy + Al 56. 6

Graphite/Epoxyv + Ti 46.1

“Reprinted by permission of the Society of Aerospace Material and
Process Engineers.
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weight reductior for the entire vehicle. Decreasing composite material costs,

not expected for metals, would increase this saving during the production cycle.
Fiberglass

Glass fibers are the most fully developed filaments for reinforced
composites. They can be considered the grandfather of composite materials
and are certainly among those with the lowest cost (see table IIl in Chapter 1).
For these reasons they enjoy the largest volume of structural usage and the
greatest variety of applications. Filament properties are presented in
table III also. A newer filament material developed by the Air Force, 970-S,
has a tensile strength of 800, 000 psi and a modulus slightly higher than
15 x 106 psi. Newer fibers with higher properties are discucsed below. Glass
fibers have a fairly low thermal expansion coefficient, from 1. 6 x 10'6 to
2.8 x 10-6 inch/inch °F.

The fibers are produced commercially in diarneters ranging from 0.000375
to 0.000525 inch for structural uses. Several formulations are available having
special properties such as low dielectric constants and loss tangent, acid
resistance, radiation protection, etc. Fiberglass is available in many forms
and is amenable to many processes as shown in table X (ref. 42). Some
typical applications are also listed.

Two special types of glass fiber are high silica and quartz. High silica
has a silicon dioxide (SiOZ) content of 95 percent minimum, and quarcz fibg,r
is produced from 99. 95 percent SiO2 natural quartz crystal. These compare

with the SiO2 content of E glass of 54 percent and of S glass of 65 percent.

High silica and quartz are used in composites as consumable thermalinsulations
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TABLE X.— COMMERCIAL FORMS OF GLASS FIBER REINFORCEMENTS

— -+ - . 1,. ..... S
| | 1
. (ilass Content .
Noornnal General N e . Typical
X . Process of Tvpical ! R
Poare Descrintion X | Anplication
Laminates |
(weight "4
— I — & - o
12 Uoantprpners straenls o ilarent winding, contin RETE Y] " Pipe. (atorobile hodies,
sliss fioers K nanel, 1 oreniny roul Stock, racket oarar
H fovatenhed die caoldingd, case s, ordnance
| sprav-nup, puitrision
i
i Coenped Stranads cat 1o tenutos of . Premix o onolding, wet 1~ 4o CElectrical and anpliance i -
N R \
; straads I~ to D inches shirrey prefor:ting, n- i narts, ordnance cormino.
| section molding nents !
! ;
' Reintreins ¢ Continucus or chopped . \atched die rn:olding. hand 2045 | Translucent sheets. truck %
hats . strands in random lay -up, centrifugal and auto hody panels ; T
i matting casting !
! B ]
Sarfacing and | Nonreinforcing random | Matched die molding, hand RS ; Where simooth surfaces are .
overlavine mat i lay-up, and filament reaquired — automobile
ats i ! winding hodies, some housings
i
! -
Yarns | Twisted strands Weaving, filament winding 6H0-80 Aircraft, marine. electri-
cal laminates
Woven fabrics Woven cloths from alass Hand.lay-up, vacuum bau, 45.65 Aircraft structures, marine, B
fiber varns autoclave, high-pressure ordnance hardware. elec-
laminating trical flat sheet and tubing ~
Woven roving Woven glass fiber Hand lav-up 40-70 Marine, large containers
strands — coarser and
heavier than fabrics
.
Non-woven Unidirectional and Hand lay-up, filament 6080 Aircraft structures
fabrics parallel rovings in sheet winding
form

P rore andbook of Fiberslass and Advanced Plastics Composites © 1363 by Litton Fducational Publishing, Inc.
Henr nted Hy perniss.oan ol

‘-
g, Fownes

\an Nostrand Reinhold Company.

I‘w

for reentry heat shields and rocket motor nozzles. Quartz fiber is also used
in composites for antennas and radomes because of its special electrical
properties. Compared with S glass, high silica is slightly more expensive,
while quartz fiber is four to eight times more expensive.
Glass fibers are subject to degradation by abrasion. In addition, they
are not easily wet by polymers and, thus, the interf: ce is subject to moisiure

attack, resulting in degradation of composite properties. Because of these

problems, sizings are applied to the fibers to improve fiber wetting and inhi-

-”»

bit degradation by moisture. A large variety of sizings is available to suit

the polymer and service conditions.
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Fiberglass/polymer matrix.— The vast majority of research, development,

and use of fiberglass has centered around thermosetting polymer matrices.
Little effort has been expended on metal or ceramic matrices because of the low
melting point of the glass fibers and/or attack by the matrix on the fibers. Poly-
mer matrices have included almost all available resins. Many thermoplastics
such as nylon, acetate, styrene, and polycarbonate are reinforced with short
glass fibers. The most commonly used thermosetting resins are polyesters,
phenolics, epoxies, and polyimides in descending order of usage. Polyesters
are used where moderate strength is adequate and low cost required. The
highest strengths are produced with epoxy resins, and polyimides are used
where strength at high temperatures is required. Phenolics are used in con-
sumable heat shield applications and in applications in which high-temperature
structural properties are required.

A large variety of processes are used to produce composites with glass
fibers. Each has certain important featares that determine its use, such as
obtaining high-strength properties, producing specific configurations, using
specific material forms, obtaining low cost of high quality surface finish,
producing small or large quantity, etc. Many of these processes are listed
in table X and more details are available in ref. 42. Another low-cost
process in which fiberglass composites were first used is the Pultrusion
method, which is discussed earlier in this chapter under Graphite Fibers.

The strength of glass-fiber-reinforced composites can be varied over a
wide range by adjustment of certain parameters. Among the more significant
are percentage of glass fiber in the composite, composition or type of the'
glass fiber, fiber orientation, fiber surface treatment of sizing, composite
processing, and type of matrix material used. Some typical strength prop-
erty data are presented in table XI (ref. 33).
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TABLE XI.— STRENGTH-TO-DENSITY PROPERTIES OF
FIBERGLASS/EPOXY COMPOSITES

Property Um(li;re'ctlonal Woven Fabric
ovings
Fiberglass content, weight % 60 - 90 50 - 65
Density, lbs/in> 0.016 - 0.079 0.056 - 0.065
Specific Tens%le Strength, 1.3 - 3.2 0.43 - 0.93
in x 10 A ) T
Specific Tensile Modulus,
inxlog 65 - 114 54

Comparison of these properties can be made with those of other advanced
composites by examination of figures 4 and 5.

New high-performance fibers such as graphite and boron have been
welcomed for their many advantages but have not always been cost effective
because of the initial high price. Fiberglass composites have been popular
because very respectable properties are available at reasonable cost. This
is possible because high-strength fiberglass is available at $5 to $10 per
pound versus $100 to $300 per pound for graphite and boron filaments. Fiber-
glass has the highest specific strength but is not competitive in many structural
applications because of its low stiffness.

Consequently, NASA set about to develop a new fiberglass with a high
modulus — 30 x 106 psi. Although the goal was not achieved, a significant
improvement was made with a new glass, UARL 344, as shown in figure 11.
The fiber properties are translated into epoxy resin composites as preseuted

in table XII (ref. 43).

44

I



[

R

Rt

-y

£ sool 418 o

i ©
w 2 700} d6 oo
2 47

. S
2 £ sook 4ia 23
L 3 3 w 3

Z sook|o ® 412+ 3

@x J -

- c <l x @ o

B oaook fql b2 < 4 q10 2

~ ~
> -] [42] w 2 o 2] u

Figure 11.— Comparison of new NASA fiberglass
(UARL 344) with other available glass fibers.

TABLE XII.— EPOXY MATRIX COMPOSITES WITH VARIOUS
GLASS FIBERS

Composite Flexural Specific
Fiber Densitz' Modulus Modulus
(1bs /in?) (106 psi) (106 psi)
E 0.0776 3.27 42.1
0.0762 4.12 54.1
UARL 344 0.0951 6.08 63.9

During this program, many glass

satisfactory commercial production capability.

ompositions were developed, some that

6

had modulus values in excess of 20 x 10 psi. However, only UARL 344 had

Three-dimensional woven fabrics.— A novel weaving technique using

fiberglass and other high strength/modulus fibers has been developed to help

resolve a structural deficiency of collirnated fiber /polymer composites.

Many of these composites are produced from unidirectional prepreg sheets
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or tapes that are laid up at specific fiber orientations relative to application
requirements and cured by heat and pressure. The in-plane properties of
these composites are very good, but the low interlaminar shear strengths
limit their overall usefulness.

The composite interlaminar shear strength is essentially that of the matrix
because there are no fibers to strengthen the interlayer area. This deficiency
of fibers in the cross-plane axis is overcome by a three-dimensional weaving
process called Omniweave (ref. 30). In this process fabrics are produced
with multidirectional fibers. The interlocking fibers travel in depth so that
discrete layers are not formed. The presence of fibers in the cross-plane
axis should enhance the composite shear strength and improve fatigue char-
acteristics. However, a decrease in in-plane strength and modulus occurs.
Extensive composite property data on a variety of weaving patterns using
several different fibers are available in ref. 30.

Weaving techniques have been devised to produce many fabric shapes
including tubes and struts, I-, T- and channel beams, tapered shapes, and
integrally ribbed cylinders. A demonstration, free-standing I-beam, woven
from quartz fiber roving, was made for NASA to demonotrate the Omniweave®
technique (ref. 44). The 12-inch-long beam had a depth of 2 inches and
flange widths of 2 inches and 1 inch, respectively. The rib and flanges were

1/8 inch thick. Half the length of the beam was impregnated with epoxy resin

and pressure-molded to produce a structural coraposite.
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PRD-49 Fiber

PRD-49 is a new organic fiber that features high strength and modulus
and low density. Manufactured by the E.I. Dupont Company, it is very similar
to fiberglass (primarily S-glass) in physical characteristics and properties
except that it has higher modulus and lower density, as shown in table III of
Chapter 1. Another difference from epoxy resin composites is in the
thermal expansion coefficient; fiberglass composites expand approximately
four times as much as PRD-49 composites. In fact, PRD-49 composites
have a negative coefficient; that is, they shrink when heated and expand when
cooled (ref. 45). The thermal conductivity of PRD-49 composites is about
one-fourth that of fiberglass composites. In addition, the dielectric strength
of PRD-49 epoxy composites is substantially lower than that of fiberglass com-
posites (ref. 46).

PRD-49 yarns can be processed on standard textile equipment into fabrics .
and tanes for coating with resin. Yarns and roving can be impregnated with
resin for filament winding and other composite manufacturing processes.

Filament winding is a process in which strands or rovings impregnated with

stoiam e s

resin are wound tightly on a mandrel in a prescribed pattern to form a shape
of revolution. Typical snapes are cylinders (pipe), cones and parabaloids
tnose cones and radomes), and spheres and closed end cylinders (pressure
vessels and rocket motors). Where possible, parts are removed from man-
drels; however, closed end vessels are made on meltable or water soluble

mandrels which are removed through end fittings (figure 12), or the winding

"A“"&" “‘*ﬁ‘lbﬁ‘mm<%mmw e

form, e.g., a thin metal shell, may be retained to act as the inner, imper-

vious liner of a high pressure container (ref. 47).
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Figure 12. Filament-wound pressure vessel.

PRD-49 fibers in epoxy resin matrix composite have been evaluated by
NASA in filament-wound constructions (ref. 45). Basic properties were deter-
mined on cylinders four inches in diameter before they were fabricated as
small pressure vessels. Results showed that PRD-49 composites had speci-
fic strengths slightly higher than those of S-glass composites and a specific
modulus value 2.6 times that of S-glass composites. Comparison is made
in figure 13 with other composites evaluated in the NASA program and with alumi-
num and steel bulk materials. Other fiber -reinforced compnsites can be

compared by reference to figures 4 and 5 in this chapter.

Metal Fibers

Metal fibers/metal matrices. — The advantage of metal fibers is that they

usually are stronger and stiffer than the same material in bulk form. One
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Figure 13. — Comparison of strength, stiffness, and weight of
PRD-49-1 with other materials. from ref. 47)

(Reprinted by permission of the Society of Aerospace Material
and Process Engineers.)

advantage of fiber composites is that the component materials can be selected to
meet specific service requirements (ref. 48). Metal fibers or wires* are avail-
able with good strength and stiffness at very high temperatures, upwards of
2000°F (1093°C) for refractory materials such as tungsten.

Techniques that have been used to produce fine metal filament or fiber
include wire drawing, stretching, pin drawing, broaching, foil slitting, electro-
chemical, liquid metal, vapor-deposition, and proprietary processes. As an
example of metal filaments, type 304 stainless steel filament is available over
a size range of 4 to 50 microns with an ultimate tensile strength of 100, 000 to
300, 000 psi (ref. 49). The preparation oi metal wire for reinforcement is
covered in a subsequent section of this chapter.

Metal matrices are available with high temperature capability, in fact, to
temperatures above 2000°F (1093°C) for nickel and cobalt superalloys and

refractory materials such as columbium** and tantalum. Metals also provide

*Fibers are considered as being of smaller diameter than wire.

ek . . .
Columbium and niobium are accepted words for the same element.
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ductility and toughness. In addition, they protect fibers from damage by
abrasion and from oxidation at elevated temperatures.

The potential of metal fiber /metal matrix composites in very high tem-
perature environments is quite good. Two applications in particular, turbine
blades for jet engines and structures for the space shuttle, have fostered a
substantial amount of development work by NASA (ref. 48).

Tungsten fiber /metal matrix.— The original system, inwhich early model

studies were made, was tungsten fiber in pure copper and various copper alloys
(refs. 50, 51, 52). Tungsten is a refractory metal with good high tempera-
ture properties. Copper is ductile, easily worked, and compatible with
tungsten; that is, there is very little reaction at the fiber interface. These
factors make the composite system ideal for model studies to prove concepts
and develop analytical techniques. During these studies it was proved that the
strength of both continuous and discontinuous fibers in a composite was real-
ized (ref. 53). From the experimental work has come sophisticated structural
mechanics techniques to predict composite fracture behaviors and to design
composites for specific applications.

The greatest payoff is in very high temperature applications such as
turbine blades for jet engines. Increasing operating temperature above
1800°F (982°C) would improve engine efficiency. Nickel and cobalt super-
alloys are presently used at 1800°F (982°C) but are weak at 2000°F (1093OC).
These alloys are good composite matrix candidates because they have ductility
and superior oxidation resistance at high temperatures. However, the fiber-
matrix reaction is detrimental and must be controlled in elevated temperature
service and processing. Reaction during processing has been controlled by

the development of a new process for fabrication of composites (ref. 53).
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In the same reference, new nickel matrix alloy compositions are described

that have been developed that reduce the activity of nickel and increase the

matrix strength.

Improvements in the strength of tungsten fibers have also been explored
(refs. 53, 54). A tungsten alloy containing thoria (ThOZ) has been tested in
the nickel alloy matrix composite mentioned above. Stress-to-density
ratios at 2000°F (1093°C) are compared in figure 14. Also included are pro-

jections for a new tungsten fiber alloy material containing hafnium (Hf) and

carbon.
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Figure 14.— Stress-rupture strength of superalloy composites.
Fiber content, 70 volume percent; temperature,
2000°F (1093°C). (from ref. 53)

Tantalum fiber /tantalum matrix. — Investigation of tantalum fiber/tanta-

lum matrix was an experimental program performed by NASA to determine
whether a high strength composite could be produced by hot rolling (ref. 55).
The materials used were tantalum fibers (wire, 0. 005 inck diameter),
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tantalum foil (0.002 inch thick), and tantalum power (4 x 10_6 meter size
particles). Tantalum was chosen because it can be cold-worked at near nor-
mal ambient temperatures and because it possesses gocd heat transfer,
chemical resistance, and strength at elevated temperature.

The composite consisted of a core made of tantalum foil and fibers em-
bedded in a matrix of powder rolled under pressure with the application of
heat. Tensile strength at room temperature at various stages of thickness
reduction are shown in figure 15. Matrix (from powder) properties were
determined separately. For comparative purposes, initial properties of the

foil and fibers are given in table XIIIL.
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REDUCTION IN THICKNESS, PERCENT

Figure 15, - Effect of rolling on ultimate tensile strength at 77°F (25°C)
for matrix and 30 volume percent composite, (from ref. 55)
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TABLE XIII.— TANTALUM FIBER AND FOIL PROPERTIES
AT ROOM TEMPERATURE

C ‘ys Ultimate Tensile Strength Elongation
omposition .

(psi) (percentage)
Fibers, unalloyed 119,000 2
Foil, unalloyed 116, 000 1

From figure 15 it is evident that considerable reduction in thickness is
required to strengthen the composite substantially in excess of the pure matrix.
The strength values in figure 15 are for a composite containing 30-percent
reinforcement. The strength is reduced with lower volume fraction of foil

and fibers in the composite.

The techniques used here to strengthen tantalum demonstrate a unique
composite concept in which the reinforcement and the matrix are the same
material. The method may be suitable for other materials.

Stainless steel wire/aluminum matrix.— The reinforcement of aluminum

with high strength wire has good potential for commercial products of sheet,

plate, bar, and extruded shapes. Wires are of particular interest because of
their low cost. They are produced by commen manufacturing processes such

as cold drawinga rod throughdies. The wire is drawn in lengths of thousands

of feet and wound on spools. Drawn wires have high strength. As the wire diam-
eter is decreased, mechanical properties increase. The effect of wire draw-

ing on the properties of selected metals is illustrated in figure 16. In general,

n.etal wires are more ductile than fiberglass, boron, and graphite filaments.
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Figure 16. — The effect of diameter size

on cold drawn wire. (from ref, 56) }

Wire diameters used in composites range from about 0.0Vl to 0. 020 inch.

The properties of several wires suitable for reinforcing aluminum are pre-
sented in table XIV. Commercial materials are used for the aluminum matrix, l
The wire-aluminum composite can be fabricated using established nrocesses
and skills., i
TABLE XIV. -~ WIRES FOR COMPOSITES l
Densi Melting Tensile Elastic '
Material ensity Point Strength Modulus
lbs/cm /it o 3 : 6 e
F F (10° psi) (10° psi)
Stainless steel 0.290 2600 500 29 '
(14270C)
i
Rene 41 0.298 2600 290 24
(1427°C)
Berylliumn 0.067 2332 185 35 ;
(1278°C) 3
Molybdenum 0.369 4730 320 52
(2620°C) }
Tungsten 0.697 6170 580 59 i
(3400°C)
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Methods for producing wire-reinforced structural aluminum materials have
been developed by a NASA contractor (ref. 58). Aluminum alloy 2024 was used
for the matrix. Stainless wire, type NS-355, was used for most of the work
because of its high strength, ductility. and corrosion resistance. The best
fabrication method was found to be hot diffusion bonding followed by hot rolling.
The hot rolling reduced the stainless steel by 50 percent without breaking the
wire; the development thus demonstrated the feasibility of rolling composite
sheet and plate. Typical room temperature properties for the composite are
presented in table XV (ref. 59). Preliminary information indicates good com-

posite toughness at -320°F (-196°'C) and lower temperatures (ref. 60).

TABLE XV.— TYPICAL ROOM TEMPERATURE PROPERTIES
OF UNIDIRECTIONAL WIRE-REINFORCED ALUMINUM

COMPOSITE
Property Composite Reinforcing Wire Matrix
Tensile Ultimate 175, 000 psi 475, 000 psi min. 64, 000 psi min.
Tensile Yield 110-145, 000 psi 50, 000 psi min.
6 . . 6 . - ho !
Modulus of Elasticity 15 x 107 psi 29 x 107 psi 10.5 x 10 psi ‘
> . 2 :
Density 0. 1453 lb,/in” 0. 282 1b/in” N, 100 1b/in i
\Material 25 vol. ", 0.009 inch NS 355 steel 2024-ThH aluminum ‘
dia., NS 335 steel and
2024-To matrix

Steel aluminum composites are not ce ~mercially available today. How-
ever, panels for prototype and developme.ut hardware are available. It has
been estimated that the material price could approach $10 a pound when the
steel wire-aluminum composite becomes a production item.

The process appears to be readily adaptable to commercial scale-up.

Steel/aluminum composites have been produced in sheet and plate up to 3/4 inch
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thick and in sizes up to 12 inches wide by 8 feet long. With new tooling the
size can be increased to 4-foot widths and 10-foot lengths. The potential
exists to produce sheet and plate in thicknesses up to | inch and lengths up
to 20 feet in 4-foot widths (ref. 61).

TZM fiber/columbium matrix.— TZM (molybdenum alloy) fiber/columbium

matrix is an experimental composite being evaluated by NASA for structural
applications on the space shuttle skin where service temperatures approach
2500°F (1371°C). The columbium alloy is C129Y.

The interesting feature of this investigation is the use of explosive bonding
fabrication of the composites (ref. 62). Layers of TZM wire filaments are
unidirectionally positioned between thin columbium sheets and subsequently
joined by the energy from an explosive charge. Metallurgical bonds are good,
external heat is not required, and the process is relatively inexpensive.
Composite strength properties are good, exceeding predictions, as shown in
table XVI (ref. 63).

TABLE XVI. — STRENGTH OF EXPLOSIVELY
BONDED COMPOSITE

Tensile Yield Elongation
Material Strength Strength (percegntage)
(psi) (psi) |
TZM wire (0.010 in. dia 252, 000 180, 000 4.5
C129Y sheet (0. 135 in thick- 94, 000 75, 000 22.0
ness)
Laminate (no wires) 100, 000 92, 500 3.0
Composite (14.7 vol. percent 127, 000 112, 800 3.0
wires)

Prediction 106, 000 -- -
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Explosive bonding of the columbium sheets without wires increased the
tensile strength 7 percent and yield strength 23 percent. The wire reinforce-
ment increased the tensile and yield strength of the matrix 35 and 50 percent,
respectively.

Other TZM wire-reinforced refractory composites have ~een formed by
this technique. These include refractory matrix materials consisting of

Inconnel X, HS-188 cobalt alloy, and FS-85 columbium.

Laminar Composites

In Chapter 1 the definition of laminar composites was given as ''composites
formed of two or more layers of materials bonded together." The actual
scope of the NASA investigations of laminar composites, however, ranges
from investigations of simpl'e combinations of two metals to investigations of
multilaver insulations, bonding methods, etc. The investigations thus include
determinations of the physical, mechanical, and chemical properties of many
different types of laminate composites and also include techniques for prepa-
ration of the material, i.e., the joining or coating techniques, etc.

The classification of materials used in making laminates is roughly given
as those materials that are used in sheet form or are applied to sheets. Thus,
films, sheet metals, special coatings, and fabrics are all materials that
could serve as laminate comporents. A honeycomb sandwich structure is
considered a laminate; however, the honeycomb core, when used by itself or
possibly filled, would be considered a skeletal structure.

The work on composite/laminates that has been done by NASA or NASA -
funded contractors is divided in the discussion to follow into the following

broad classifications.
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1. Films
a) films used as components in thermal insulating systems
b) films used with metallic coatings, foils, and/or fiber reinforce-

reinforcements.

2. Bimetallic Alloys

3. Fibrous Laminated Composites (woven fabrics combined with other
materials — excluding non-woven, unidirectional fiber-reinforced
laminates)

4. Special Coatings applied to high-temperature resistant mcterials
for corrosion resistance, oxidation inhibition, etc.

5. Honeycomb Sandwich Structures

6. Ceramic-metal Combinations

Films

Films used as components in thermal insulating systems. — A great deal

of work has been done by NASA and NASA -funded contractors on the develop-
ment of highly efficient, lightweight insulating systems for use on cryogenic
tanks. Because the :ryogenic liquid storage tanks constitute nearly the
entire volume of boosters for spacecraft, it is imperative that the insulation
system around the tank be as light and efficient as possible. It was found
that multilayer metal-coated film systems, designated MLI, act as excellent
thermal radiation shielding and insulation. In generalythese films are poly-
mers, Kapton (polyimide), Mylar (polyethylene terephthalate), or Lexan
(polycarbonate), coated either with vapor-deposited aluminum or gold on
both sides. In addition to the films, the insulation system includes spacers,

made of materials such as nylon, polyester Dacron floc, silk scrim cloth,
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eic. Adhesives with good high and low tempecrature prope rties are used tohold
the floc to the films at discrete intervals. Thicker gauge face sheets are used
on each side of the insulation package to act as structural support for the MLI
blanket and to protect the core sheets from rough handling and from degrada-
tion of the metallized surface. Materials that have been used for the face sheets
include laminates of nvlon or Dacron netting sandwiched between metallized
polymeric films.

MLI insulation blankets such as that described above ~re used for temper-
ature ranges from -420 to 300°F (-251 to 149°C). The thermal efficiency that
has been obtained from blankets with 30 layers of goldized Kapton and Dacron
spacer tufts is 1. 37-1.5 x 107> BTU/hr/ft. /°F (ref. 64).

Another type of cryogenic insulation in which laminated structures and
films play a major role is designated "The Capillary Internal Gas Layer Insul-
ation System'' (ref. 65). In this system, illustrated in figure 17, a capillary
opening is placed in a film that is attached to one side of a cellular structure
(commonly honeycomb). The other side of the film is in contact with the cry-

ogenic fluid as chown.

CAPTLLARY i” = e T
g i DveR mesmeine e
AN A
JECLULAR STRUCTURE - (- %
LR~ A . r;7 o
7 Y
Ca - NfoT N
VO BTN
\

INTERFACE
SEE DA

Figure 17.— Capillary internal insulation
concept. (from ref. 65)

(Reprinted by permission of the Society of Aerospace Material
and Process Engineers.)

Because of the capillary force o the liquid, a stable liquid/gas interface

forms at the perforation preventing the liquid from entering the cells.
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However, since the opening is large enough to allow some liquid or gas to enter
the celi, a small pocket of gas is positioned between the liquid and cell wall.

At the same time, because of the opening, the structure is pressure equalized;
thus the insulation is essentially free of any stresses due to pressure loads. In
the actual installation the cells are also filled with a lightweight, opaque, fibrous
batting to control free convection and radiation. The capillary internal gas layer
insulation systern is lightweight, 0.3 to 0. 45 Ib/ft2 for a one inch thickncss. A
thermal conductivity within 20 percent of the thermal conductivity of hydrogen
vapor can be achieved (ref. 138).

Two types of insulating systems are under development. One is a system
with a titanium or Inconel tank wall operating at 650°F (343°C); the other has an
aluminum wall with a maximum operating temperature of 350°F (177°C). The
650°F (343°C) system uses a polyimide film (Kapton), 0. 001-inch thick; a honey-
comb structure made of 0. 005-inch Kapton; and a polyimide adhesive. The
honeycomb has cell sizes varying from 1 to 2 inches, resuiting in a core
with very low density. For the 350°F (177OC) installation, Kapton core is
also used with a polytetrafluoroethylene (TFE Teflon) facesheet. The adhesive
used for bonding the facesheet to the core is a methyl -phenyl silicone.

The application of the multilayer insulation system (MLI) previously
described was originally intended for operation with space booster external
wall temperatures of approximately 70°F (21. 1°C). The external wall tem-
peratures of the shuttle vehicle, on the other hand, are expected to be in the
350°F (177°C) range. This increased temperature called for considerable
changes in the materials and processes previously developed. One of the
systems developed for the higher temperature differential service is known

as the "'Self Evacuating Multilayer Insulation'' or SEMI (ref. 66).
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The SEMI system utilizes the same type of highly reflective radiation
shields separated by low conductivity spacers, as previously described; how-
ever, the entire blanket is made as a number of small panels, each enclosed in
an impermeable casing. Each panel is filled with gas having a very low vapor
pressure at crvogenic temperature; e. g., carbon dioxide is commonly used.
A portion of each panel must contact the cryogenic tankage to provide a cryo-
pumping surface when the tank is filled with a cryogenic fluid. Thus in ser-
vice the ''filler' gas is cryopumped to the cold portion and condensed; because
of the low vapor pressure, a near-vacuum results in the insulation package
that considerably increases the efficiency of the MLI system used. Figure 18
shows a cross-section of a typical SEMI package, and figure 19 illustrates
the assembly of the panels in a three layer ''shingle' array, so that a portion

of every panel is in contact with a cryogenic tank wall.
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Figure 18.— Schematic of semi panel Figure 19.— Semi panel shingle
showing component materials. arrangement installation.
(from ref. 66) (from ref. 66)
(Reprinted by permission of the (Reprinted by permission of the
Society of Aerospace Material and Society of Aerospace Material and
Process Engineers. ) Process Engineers. )
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The SEMI system for cryogenic tankage has demonstrated a thermal
performance of 0.63 BTU/hr/ftZ in an uncompressed space condition and of

10 B’I‘U/hr/ft2 during ground conditions with a system weight of 0.39 1b/sq. ft.
Several patents, assigned to NASA, have been taken out on similar cryopumping
insulation systems (refs. 67, 68).

In addition to the work described above, a number of other programs have
been investigated to test the MLI or SEMI systems or variations o1 these systems,
(refs. 69, 70, 71). One report, prepared for the Marshall Space Flight Center,
(ref. 72) summarized all the major developments in the field of cryogenic insula-
tion, both film and honeycomb laminate types and foam insulations. A similar, but
more complete, compilation of data on all types of insulation systems, including
several chapters on cryogenic insulations, is given in ref. 73.

An interesting side development, resulting from the research on cryo-
genic insulations, is the development of a low-cost cryostat from readily
available materials (ref. 74). It should be possible for many small labora-
tories, small hospitals, industrial firms, etc., to possess an efficient cryo-
stat for storage of liquid gases such as liquid nitrogen, hydrogen, etc. A
unit costing approximately $10.00 is said to store liquid nitrogen for one week
compared with three weeks storage in a Dewar type of cryocstat of the same
capacity that costs approximately $150. 00.

In contrast with the film and foil laminates for cryogenic applications,
multilayer foil and fabric insulation systems have been developed that can be
used at temperatures of 2000°F (1093°C) and up to 4000°F (2204°C) (ref. 75).

The lower temperature configuration consists of molybdenum foil, 0.001 ir'xch
thick, interleaved with silica cloth. The combination is wrapped around the

object to be insulated for satisfactory use up to 2000°F (10930C).
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A similar laminated construction using tantalum foil, 0. 001 inch thick,

combined with carbon cloth is reported to be usable up to 4000°F (22040(:).

At temperatures lower than approximately 2000°F (10930C), the tantalum-carbon

combination has higher thermal conductivity than does the molybdenum-
silica. The tantalum foil-carbon laminate is therefore recommended for use
only at temperatures above 2000°F (10930C).

A simple insulation system for temperatures up to 600 to 700°F (316 to
371°C), using readily available materials such as aluminized fiberglass tape,
cork, and Mylar film, has also been described (ref. 76).

Films used with metallic coatings, metal foils, and/or organic fiber

reinforcements.— Metallic-coated film was used in one of the earliest experi-

ments in which NASA worked with large quantities of film. It was the Echo I
Balloon Project in 1960, in which literally the whole world was made aware

of this composite‘ material. A film of Mylar, 1/2 mil thick, was used to

form the 100-foot diameter ballon: the Mylar was coated with brightly shinning
aluminum and was seen by millions around the world.

Since the original Echo Project, a number of more sophisticated metal-
lized film laminates have been developed. These included thinner Mylar
films, down to 0.15 mil thick; special vinylidene coatings (Saran), applied to
decrease the gas permeability; and special adhesives used in fabrication of
the laminate. Both single- and double-film laminates have been made, with
special equipment being designed to handle the ultrathin Mylar films. The
physical properties of some of these laminates are shown in tables XVII and
XVII (ref. 77). |

Films combined with metal foils have been used for a number of inflatable
structures by NASA, starting with the Echo II project, which was a ballon,

135 feet in diameter, that used Mylar film bonded to aluminum foil. A
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TABLE XVIL — METALLIZED FILM LAMINATES
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TABLE XVIIL. — BARRIER DATA OF METALLIZED FILM LAMINATES

r Gas Transmission
cc(STP)/(100 sq.in.) (24 hrs)(atm)
Carbon Thickness

Sample Oxygen Nitrogen Dioxide (mils)
| PZ 5508.35 0.037 0.011 0.102 0.75
|
. PZ 5508.36 0. 048 0.011 0.083 0.75
‘ PZ 5508.37 0.055 0.011 0.21 0.55
{ PZ 5508. 38 0.021 0.011 0.067 0. 45

number of similar projects,
currently being studied.
combinations, such as two 1/2-mil Mylar film
num foils.
imparted by the Mylar f

aluminum foil,

Here advantage is taken o
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In general these projects use Mylar-aluminum foil
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when used in an inflatable structure. The aluminum foil also, of course, has
perfect electromagnetic reflection properties so it may be used very satis-
factorily for radar reflection.

Fiber-reinforced Mylar and polyethylene films have been used for a
variety of ballon applications by NASA Langley Research Center. In general,
these applications involve high-1lift, high-altitude balloons that are exposed
to high internal pressures and very low temperatures. The combination of
lightweight and rip-stop characteristics imparted by the fiber reinforce-
ments, as well as increased tensile strength, make the material ideal for
such applications.

By the use of a special device called a flying thread loom (FTL), it is
possible to reinforce the polymer film with many geometries in the yarn
pattern. Thus it is possible to have diamond pattern reinforcements, square

yarn reinforcements, varying distance reinforcements, etc. All these can

be produced using Mylar or polyethylene films with 1/4 mil and greater thick-

nesses,

with the reinforcing yarn sandwiched between the films. Typical physical

properties of such materials, which were produced for NASA for the Viking

project, are shown in table XIX (ref. 78).

Somewhat lower values and lighter weight could be obtained with poly-

ethylene film laminates. The Mylar film laminates are fabricated using

special thermosetting tapes. Polyethylene can be easily heat sealed to itself,

even with the reinforcing fibers present. The Mylar film materials cost
approximately $1.50 per linear yd (5-ft width). The polyethylene material

is about 1/3 cheaper for the material and much cheaper to fabricate.
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TABLE XIX.— ORGANMNIC FIBER-REINFORCED MYLAR BALLOON FILM

Characteristic Type G 101204 Type G 127600
Weight, 1b/ft2 0.0131 0.00817
Ultimate stress, pounds 1450 600

per foot of width
(Machine direction)

Construction 0.35 mil Mylar

24/ft 1300 denier Dacron
warp yarns

41, 5/ft 440 denier Dacron
fill yarns

In addition to reinforcement of films by fibers and foils, investigations
have been funded by NASA to determine the feasibility of rigidizing film
structures in space by chemical techniques. Several such methods, using
special ultraviolet-activated polyester resin or heat-activated epoxy coatings

applied to the films, have been developed (ref. 79).

Bimetallic Composites

Bimetallic composites, as the name implies, are combinations of two
metals. As in other composites, the two materials complement each other
and produce a final product whose characteristics are superior to those of
either of the components. Commonly such materials have been made using
a high strength metal combined with a thin laminate of a ccrrosion resistant
stock, or perhaps an oxidation resistant material will be combined with a

very strong, tough material.

There have been several NASA investigations into bimetallic sheet

composites for corrosion resistance and/or oxidation resistance. Thin
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(0. 0001 to 0.010 inch) 304 stainless steel cladding is very effective in pre-
venting a titanium-LOX* explosive reaction under a variety of impact
situations using various thicknesses of cladding and intentional defect sizes
(ref. 80). The laminates were prepared by two methods — explosive welding
and physical vapor deposition. Fatigue, tensile, and fracture toughness of
products produced from both fabrication methods are given in ref. 80.
Similar work was done on refractory-austenitic combinations (ref. 81).
Several types of stainless steel and nickel base alloys were explosively
bonded to columbium and tantalum, and columbium and tantalum alloys
because of ease of fabrication, rate of interdiffusion, resistance to cyclic
thermal exposure, and elevated temperature creep properties. The optimum
refractory/austenitic combination was tantalum/321 stainless steel.
Methods of preparing various bimetallic combinations have received
attention by a number of workers. A diffusion bonding technique for joining
steel and Teflon-infiltrated bronze has been described (rei. 82) and patented
(ref. 83). The technique has been used to fabricate high strength, perman-
ently lubricated gears. Thermally stable polyimide adhesives satisfactory
for long term use at 600°F (316°C) and for short periods of four to five hours
at 1000°F (5380C) are described (ref. 84). Such materials have been used
in fabrication of bimetallic laminates using titanium and boron. Spot weld-
ing may be done through bonded laminates using these new adhesives., The
adhesive acts to give additional strength at the high temperature, better

fatigue resistance, and corrosion protection.

*LOX — Liquid Oxygen
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A compilation of techniques for joining metals by diffusion bonding,
brazing, soldering, etc., has been publisked (ref. 85). Also included are a

number of materials and processes used in adhesive bonding.

Bilaminar Composite

An investigation of polyimide films (Kapton) reinforced with vapor-
deposited boron, 0. 15 to (.25 mil thick, has been performed (ref. 86). Since
boron constituted only 13 percent by volume of the specimens, the physical
properties of the composite films were poor in comparison with boron fiber-
reinforced materials. However, they have the distinct advantage of bidirec-

tional properties, whereas single layer fiber-reinforced composites are

unidirectional.

Special Coatings for High Temperature Use

Advanced turbine engines, nuclear power plants, etc., have brought
about requirements for allcys with higher temperature resistance, better
resistance to oxidation, more corrosion resistance, etc. One method for
obtaining these improvements with existing materials is by the use of a coat-
ing which, in addition to providing resistance to heat degradation, would be
thicker or stronger than an ordinary paint coating or might combine with the
substrate material to form a resistance surface, etc.

A number of vapor-deposited cobalt chromium aluminum yttrium coating
compositions, which wer: designed to protect nickel base superalloys from

excessive oxidation at temperatures up to 2000°F (10930C) for long periods
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of time, have beer described (ref. 87). Four compositions were found that
protected the substrates for at least 1100 hours at 2000°F (lOQBOC). Three
standard alumninide coatings tested failed the 1600-hour burner test.

A phosphate-bonded zirconia coating system was developed to protect
rocket engine thrust chamber walls (ref. 88). This heat-barrier coating was
applied by a slurry method to thin-walled Hastellov X tubes. Protection is
provided up to 4000°F (1993°C).

A coating has been developed that will protect graphite elements in an
induction furnace (ref. 89). Uncoated graphite elements are oxidized at
temperatures above 2500°F (1371°C). The new coating, based on tungsten
powder dispersed in a phenolic binder, has protected graphite elements for
a half hour at 4000°F (2204°C).

Silicide coatings for refractory alloys are known to improve their high
temperature capability. One coating, developed by a contractor for NASA
Lewis Research Center is particularly effective for tantalum (ref. 90).
Tests showed good protection for tantalum for 800 hours at temperatures up
to 2400°F (13160C). Both tantalum and columbium alloys have been protected
at 2400°F (13 16°C) over four times as long as by conventional silicide coatings at
2400°F (13160C) and at the critical intermediate temperature range of 1450°
to 1800°F in which simple silicide coatings usually tend to fail catastrophi-
cally. Additional research conducted at Lewis Research Center has resulted
in greatly improved silicide coatings for chromium alloys (ref. 90). Addi-

tional work is continuing.
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Fibrous Laminated Composites

Efforts by NASA in the field of laminated fabrics have been confined mainly
to developments concerned with coatings applied to fabrics to increase fire
resistance or resistance to abrasion or both. Along these lines, a great many
investigations have been directed by the Crew Systeimns Division at the Manned
Spacecraft Cenicr in Houston, Texas (ref. 91).

One material, originally developed by the Owens-Corning Company,' but
further developed by NASA for use in the space program is Beta fiberglass
(ref. 92). This material, an extremely fine glass fiber woven into soft fabric,
shows good abrasion resistance when coated with TFE Teflon and, of course,
excellent fire resistance. Beta fiberglass by itself does not provide much
effective insulation to high temperatures. Combined with other materials,
however, the resulting composite will maintain a high temperature differential.
An example is a medical kit, encased in a multilayer assembly of beta fabric,
aluminum foil, and asbestos fabric, which survived a three-minute exposure
to a 2400°F (1316°C) flame.

Other efforts by the Manned Spacecraft Center have led to development of
flame resistant elastomer coated fabrics. The elastomer most frequently used
is Fluorel, a 3M Co. copolymer of hexafluoropropene and vinylidene chloride.
In tests by Manned Spacecraft Center it was found that Fluorel could be applied
to many substrates, all types of fabrics, plastics, etc. In addition to its use
as a non-flammable component of laminates, Fluorel can be molded into boot-
soles, eye-pieces, headrests, etc. (ref. 93).

On the basis of the work done in developing the elastomer-coated fire

resistant materials, two basic types of fire fighters clothing have been fabricated
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by NASA (ref. 94. 95). One type, designated structural clothing. is normally -
worn by personnel engaged in firefighting activities. The other is a proximity
suit. made to furnish insulative protection to personnel working close to extremely
hot fires. In both types of suits, a variety of coated and treated fabrics, such
as Fluorel-coated modified polyamides and aluminized polyamides, are used
either as separate inner and outer garments, or the fabrics are combined with
aluminized asbestos or other insulation materials to work as a true compnsite
material. Very favorable response has been received on these developments
from professional fire fighters (see Chapter 8).

The same coating and assembly techniques for production of fire-resistant
fabrics and similar materials for spacecraft and fire-fighters suits can be applied
to commercial aircraft, in the home, and in institutions such as hospitais,

hotels, etc. (refs. 93, 96, 97).

Honeycomb Sandwich Structures

Because honeycomb structures consist of two sheets bonded to a core
stock, they are considered to be laminates. This type of construction can
possess extremely high strength-to-weight ratios. Consequently, it is natural
that NASA would intensively develop sandwich structures.

One of the major problems in exploiting the use of honeycomb structures
is the difficulty in fabricating the structures, particularly all metal sandwiches,
for high temperatures, at which no organic adhesives can be used. Several
NASA projects were specifically concerned with this problem.

Techniques for the fabrication of high-strength, brazed aluminum honey-

comb sandwiches have been investigated (ref. 98). It was found that optimum
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wetting and flow required the brazing alloy to be clad onto the substrate metal. A
brazing alloy foil, laid onto the substrate foil, produced less than optimum results. It
was also found that the aluminum honeycomb sandwich panels requiring rapid
cooling could be produced with minimum distortion if quenched in liquid nitrogen.

Another honeycomb core less common than aluminum is made of beryllium.
This material is of interest because it is 35 percent lighter than aluminum and
can be used at higher temperatures. Processing. however, is somewhat more
difficult than with aluminum. Details are available of processes developed for
fabrication of beryllium core in which the nodes are joined by microresistance
tack welds (ref. 99). Diffusion bonding was tested and also found feasible. A
commercially available brazing alloy, AMS Specification 9773 (silver-30,
copper-10, tin), was found suitable for scale-up tests and was used to make a
number of laminates using 3- and 6-mil foil for the cores and 0.020-inch face
sheets.

Additional efforts by NASA include two patents on the producéion of honey-
comh structures. One relates to a method of producing inflatable honeycomb
structures (ref. 100). The other describes several methods of making honey-
comb structures using internal heating techniques so that separate curing ovens
or furnace brazing facilities are not required (ref. 101).

The use of organic adhesives for fabrication of hcneycomb sandwiches is
a well established technology and, therefore, is not reported in any detail in
this survey. However, an adhesive thermally stable up to 600°F (316°C) for
long periods of time could lead *o improved titanium and/or aluminum honey-

comb core sandwiches. This adhesive is the same one earlier referenced

under bimetallic laminates (ref. 84).
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Ceramic - Metal Combinations

A review of the theory o. ceramic-to-metal joints. the types of materials
that can be used, joining configurations, and techniques for making various
types of ceramic-to-metal joints is available in ref. 102. Included in the report
is a separate section on graphite-to-metal joints. The graphite material dis-
cussed in this reference is non-fibrous, massive graphite mainly used for very
high-temperature applications as electrodes, anodes, molds for casing, fur-
nace refractories, etc. The section treats the special problems of wettability
in joining graphite, the coefficient of expansion differences between graphite and
most metals, and other problems. Techniques of joining graphite to metals and

to graphite are detailed.

Skeletal Composites

Skeletal composites are those materials in which the matrix is a skeletal
material into which a filler is introduced. Such materials would include various
types of filled foams and filled honeycomb, and foamant compositions. These lat-

ter contain a salt which, during foarning, causes intumescence that stnothers the fire.

Foams

The major effort by NASA in the field of foam composites has been on the
development of foam materials that can be used for fire protection of the crew
and passengers in aircraft. After the disastrous fires on the Apollo spacecraft

and on the aircraft carrier USS Forrestal in 1967, the Thermal Protection Group
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at Ames Research Center was given the task of producing thermal protection
and fire retardant materials applicable to aircraft, boats, cars, houses,
and other vulnerable structures. The Ames rescarchers, up to then
involved in development of spacecraft heat shields. decided that the same
principles might apply to these new materials. These principles were:

1. The applied inaterial should at all times act as a good thermal insulator.

2.  When the outer surface of the material was exposed to high tempera-
tures,it should convert to a stable char and in so doing absorb heat.

3. The char should be a good reradiator of heat (high emissivity).

4. During decomposition, in the char forming process, the gases formed
should help quench the flames and also, by the outward flow, cool the
char surface.

Using these principles and another which stated that the components in the
new materials should be readily available chemicals, two types of materials
were developed, foams and intumescent paints.

Polyurethane foams.— One new material was developed by the incor-

poration of fire suppressant materials into specially formulated polyurethane
rigid foams (ref. 103). Thus, in the event of a fire, the area surrounded by

the pre-applied foam would have some degree of insulation protection from the
hear, and at the same time, while the foam components were forming a char, they
would act to suppress or quench the flame propagation. This action was accom-
plished by the addition to the foam of three types of thermally activated com-
ponents: (1) halogenated polymers, (2) inorganic salts, and (3) encapsulatgd
volatile or reactive halogen-containing compounds.

Figure 20 indicates the results of the thermal efficiency tests for several

foam formulations.
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5.0 - Unmodified polyurethane foam-base for 51 and 5AF
51 - Contains potassium fluoborate and polyvinyl
chloride acetate

5AF - Same as 51 plus encapsulated Freon 113
microballoons

Figure 20.— Backside temperature history of composite
foams from l-inch foam slab tests. (from ref. 103)
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The distinct improvement in thermal gradient protection is shown in
figure 20: 180 F is reached in approximately 360 seconds for the specially
formulated polyurthanes compared with approximately 50 seconds for the
MIL-P 46111 foam. Furthermore, '"as can be seen, the foam conforming to the
MIL-P-46111 has a very rapid rise to 500°F (260°C) which does not differ
appreciably from that of the control plate. The unmodified foam, type 5-0,
which is the base polymer system for the fire-retardant foam, performs quite
well up to a time of 500 seconds; however, after this time the foam begins ‘o
deteriorate, causing a rapid rise in the backside temperature. The fire re-
tardant foams, as illustrated, seem to have reached a plateau at the 500-second
level showing an improvement in the thermal-insulation characteristics for
long sustained protection' (ref. 103). Complete details of the formulations,
methods of application, etc., are given in the cited reference.

Isocyanurate foams.— On the basis of the work done to perfect char-forming

heat shields for spacecraft, it was found at Ames that an isocyanurate foam
could be formulated that would form a larger char than the best Ames urethane
and was considerably superior to a commercial isocyanurate (ref. 104). Fig-
ure 21 (ref. 104) shows the results of tests of several of the fire protective
foams, including a quartz or glass-fiber-filled isocyanurate. The use of
10 percent by weight of the fibers produces a marked improvement in exposure
time, as shown.

Table XX (ref. 104) gives the physical properties of the two types of
foams.

It should be pointed out that the effectiveness of these fire suppressant
materials lies to a large extent in the generation of a large quantity of smoke

and gaseous products. For the most part these are mildly to severely toxic.
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Figure 21.— Performance of various
fuel fire, heating rate = 10 BTU

fire-retardant foams in JP-4
/ft¢ /sec. (from ref. 104)

TABLE XX.— PHYSICAL PROPERTIES OF AMES URETHANE

AND ISOCYANURATE FOAMS

ASTM AMES AMES

Property Method Urethane ICU
Nominal Density, 1b/ft3 (D 1622) 2.5 2.5-2.7
Thermal {BTU in/ft3hrOF (C 177) 0.175 0.150
Conductivity W/cm©C 0.00025 0.00022
Flame Resistance (D 1692) Self Extinguishing
Compressive [Parallel, psi (D 1621) 25 27
Strength | Perpendicular, psi (D i621) 15 19
Compressive |Parallel, psi (D 1621) 600 1000
Modulus | Perpendicular, psi (D 1621) 366 500
Tensile Parallel, psi (D 1623) 21 30
Strength l ’
Shear {Perpendicular psi (C 273) 15 14
Strength ’
Water Absorption, volume, % (D 2127) 5 3.5
Backface {Time to 200°F, sec)|_|__AMES _ _{210 366
Temperature [(Time to 400°F, sec T3 390 786

(Test Conditions; 75+2°F, 50+2% RH)
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Because of the toxicity of the gases generated, adoption of the foam materials
for aircraft has not yet taken place These materials can, however, be used
for protection of a number of other sensitive, non-personnel items, such as
ammunition, outboard wing tanks on aircraft, etc. Figure 22 (ref., 104)
shows one such test for protection of ammunition. Figure 23 shows the time-

temperature history of protected and unprotected ammunition.

CARTRIDGE CASE
WITH THERMOCOUPLE

Figure 22.— Test of foam blanket to protect
ammunition box. (from ref. 104)
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Figure 23.— Time-temperature history of 0.50 cal. cartridge
in ammunition box. JP-4 Fuel Fire. (from ref. 104)

Intumescent paints.— The second method of fire protection developed by the

Ames Thermal Protection Group consists of the development of intumescent
paints. These materials are coatings that are applied in a manner similar to
that used with ordinary paints, but when heat is applied, the filler ''pigments"
(organic salts) swell and form a ''fine textured, low density foam, with low
thermal conductivity, high emissivity, and good resistance to ignition. The
gases evolved during the polymerization reaction and injection into the fire
zone further serve as flame quencuers' (ref. 105). Several types of these
materials have been developed and are fully detailed in the reference cited
and further discussed in ref. 106.

A demonstration of the utility of the isocyanurate foam and the intumescent
paint was made in a test conducted onafuselage section of surplus C-47 airplane
(ref. 107). One section of the airplane was unprotected and the other section
was fully protected with the foam and the paint. Both sections were immersed
in a small puddle of fuel. On ignition the air temperature in the unprotected
section rose to 600°F (316°C) in less than 2 minutes and, shortly after, the

section was destroyed. In contrast, the temperature in the protected section
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showed little change for the first 6 minutes and finally reached 300°F (149°C)
after 12 minutes when the fire burned itself out. This test is discussed in detail

in Chapter 10.

Miscellaneous foam developments.— Other eiforts by NASA in the production

of heat resistant foams include sponsorship of the development of syntactic and

chemically blown pyrrone foams (ref. 108) and polybenzimidizole syntactic foams

(ref. 109). Both of these materials could probably be used at considerably
higher temperatures than the previously discussed urethane or isocyanurate
foams but at a considerable increase in cost and, at present, weight penalties.

An interesting polyurethane formulation witha high-reaction speed is given
in a Langley Research Center Brief (ref. 110). This composite formulation
was required to produce "instantaneous' foam to provide buoyancy for flotation
recovery of instrument packages dropped into the sea from spacecraft. A poly-
urethane foam composition with opposite properties, i.e., storable after mixing,
is described in a patent assigned to NASA (ref. 34). The material is activated
and produces foam on exposure to heat at approximately 180°F (82°C).

A somewhat different approach to the problem of foam production for
reusable thermal insulation on a shuttle spacecraft was taken by one contractor
under the sponsorship of the Manned Spacecraft Center (ref. 111). Instead of

using the usual organic matrix foam, the product developed was a syntactic foam

based onaceramic (al- minum phosphate) matrix and silica or carbon microballoons.

The material, which is relatively inexpensive, can be produced in a range of

densities from J° to 60 1b /£t3 and requires relatively low curing temperatures
[600°F (316°C)] and pressures from O to 500 5si. It is fairly simple to produce
in complex shapes and does not show the shrinkage and distortion of some fired

ceramics. The final material has heat resistance up to 2200°F (1204°C) with
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good compressive strength and relatively low thermal conductivity. Areas for
further effort include better water resistance, increase in strength, better

resistance to rain erosion, and greater impact resistance.

Honeycomb Cores

Techniques for the fabrication of beryllium honeycomb cores are described
in ref. 99. These techniques include methods of cutting, corrugating, micro-
resistance tack welding, and brazing of the beryllium foilused to form the core.
Modifications of an automatic stainless-steel core-welding machine to form
t eryllium core are also described. Another technique employed to form the
core was diffusion bonding, the results of which are comparable to those
obtained with microresistance tack welding. Details of the complete sandwich

brazing are descritad in this chapter under Laminates \page 71).

Particulate Composites

Particulate composites consist of small particles or very short fibers and
whiskers uniformly distributed in a matrix. Particles are generally insoluble
in the matrix and do not combine chemically with it. Particle sizes range from
submicrons to fractions of an inch, as in the case of whiskers. The chemical
composition of particles is diversified, consisting partly of metals, oxides,
carbides, nitrides, halides, and sulfides. The particle phase of composites
usually contributes strongly to the composite properties, sometimes more so
than the matrix. Because of the wide range of compositions, particles combined

in a matrix can produce composites with many unusual properties.
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Particulate composites are made with metal, plastic, and ceramic

e T N

matrices. Therefore composites fall into classes including metal in metal,

metal in plastic, ceramic-metal sulfides, halides, etc., with metal or ceramic.

'*-'y

Composites can be forraed by blending particles in the liquid matrix such as
plastic solutions. Powder metallurgy techniques are used to make cermets
and dispersion strengthened alloys. Particles are formed in situ in direc-

tionalily solidified eutectic alloys.

ey s

brovname 4

Metal in Metal Composites

Composites composed of metal particles in a metal matrix occupy an

. ' .
st Lo

important place as industrial materials. They constitute a means of produc-

ing ductile materials by combining an essentially brittle metal with a more

[

ductile one. Free-machining alloys, such as steel and copper base alloys

containing lead particles, are included in this group. These materials are

S i 3

made by standard mill practice, e.g., cast into ingots and then worked into
final form.

Another type of metal in metal composite is made by the combination of
metal fibers, e.g., tungsten fibers and a copper matrix. Such composites
result in improvements in strength at high temperatures. These composites

are discussed more fully under Metal Fibers.

Metal in Plastic

~m R W e e

A number of useful particulate composites consist of metal particles in a

plastic matrix. Such filled plastics may contain up to 90 percent by volume of
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particles. Aluminum as a filler has applications ranging from a decorative
finish to the improvement of thermal and electrical conductivity. Steel-
particle-filled plastics are used for automotive body solders and hull-smoothing
cements for shipbuilding. A significant ugse for copper in thermoplastic solu-

tions, e.g., cellulose nitrate and vinyi lacquers, is as a coloring material.
Cermets

Cermets are composed of ceramic grains held in a metal matrix or
binder. The matrix usually accounts for up to 30 percent of the total volume.
Cermet composites are formed by powder metallurgy techniques and can achieve
- wide range of properties, depending on the composition and relative volumes
of the metal and ceramic constituents. The two most well defined systems
are the oxide-base and the carbide-base systems.

The outstanding characteristic of oxide-base cermets is that the metal
or ceramic can be either the particle or matrix. A wide range of property
values are thus available that make it possible to tailor the composition to
service requirements. For example, while the thermal shock vesistance of
a 28 percent aluminum oxide-72 percent chromium cermet is good, it can be
greatly improved by reversing the proportions of the constituents. The same
reversal reduces modulus of elasticity at 75°F (23. 9°C) from 5.23 x 10.7 psi
to 4.7 x 107 psi. Ref. 112 describes a technique for making a cladding cer-
met wnich has the same coefficient of expansion as the matrix material. Spch
a cladding then is not subject to thermal stresses. Normal powder metaliurgy
or ceramic techniques can be used to form shapes, but only oxide-base cer-

mets can also be machined or forged. An interesting technique for the
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production of ceramic fibers consists of extruding oxides of zirconium,
hafnium, and thorium. These are fiberized by extrusion in a tungsten matrix.
Zirconium oxide produces the best fibers, with an average aspect ratio of

400 (refs. 113, 114). Another technique for the production of oxide fiber=s is
a floating zone fiber drawing method, described in ref. 115.

Tungsten, chromium, and titanium carbide comprise the three major
families of carbide-base cermets. Tungsten carbide, widely used as a cutting
tool material, has high rigidity, compressive strength, hardness, and abrasion
resistance. Chromium carbide, which offers phenomenal resistance to oxida -
tion, excellent corrosion resistance, relatively high thermal expansion, and
relatively low density, also has the lowest melting point of the stable carbides.
Titanium carbide, principally used for high temperature applications, has
good oxidation and thermal shock resistance, retention of strength at elevated
temperatures, and a high modulus of elasticity. Ref. 116 describes methods
of producing refractory composites from powdered constitutents of tantalum
carbide, hafnium carbide, and hafnium boride.

In ref. 117 composites are described that consist of graphite combined
with carbides of titanium, zirconium, hafnium, vanadium, columbium, tanta-
lum, molybdenum, and tungsten. The highest strength and resistance to
deformation were shown by the tantalum carbide-carbon combination. It
was also found that a linear relationship exists between electrical resistivity
and flexural strength. This relationship was found accurate enough to be used

for predictions.
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Solid Lubricants

Another area in which NASA has investigated particulate materials
involves the production of improved sclid lubricants. Work done at NASA
Lewis Research Center on high-temperature-resistant solid lubricants is
reported in ref. 118. In this work it was found that sintered nickel-chromium
alloys could be infiltrated with molten ceramics. The primary lubricating
components are calcium fluoride and barium fluoride. In addition, some
formulations used calcium silicates, calcium oxide, and lithium fluoride to
form protective coatings and/or to reduce the melting temperatures.

Self-lubricating metal ceramic composites were developed that showed
good oxidation resistance during exposure to air at 1500°F (816°C) for long
durations. At a sliding velocity of 500 ft/min, the friction coefficients were
0.25 to 0.05 from 80 to 1700°F (26.7 to 927°C).

A summary of information on solid lubricants is also given in NASA

Special Publication SP-5059, Solid Lubricants (ref. 119).

Dispersion-Strengthened Alloys

The phenomena of dispersion strengthening permits a metal or alloy to
maintain its structural strength at temperatures greater than 200 to 250°F
(93 to 121°C) to temperatures that approach 90 percent of the melting point
of the metal (figures 24 and 25). In dispersion-strengthened materials,
insoluble particulates are uniformly dispersed with controlled spacing through-
out the matrix (ref. 48). The function of the particles involves complex

theories. A very simple explanation is that the particles retard the
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aluminum powder and and nickel and cobalt
a high strength alloys.
aluminum alloy. (from ref. 122)

(from ref. 48)

propagation of stress-induced dislocations and thus render structural sirength
to the matrix at higher temperatures.

The dispersed particle constituent is only a small proportion of the com-
posite, seldom exceeding 3 percent by volume. Particles are very small,
varying from submicron to 7 microns. Properties of the dispersion-
strengthened composite are controlled by the particle characteristics.
Critical properties include solubility, refractory characteristics, size,
volume fraction, and spacing (ref. 1).

The most commonly used particles are oxides. The method of introduc-
ing them into the matrix is governed by the materials and influences the

properties. Mechanical mixing of fine metal powders with fine metal oxide
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particles is most commonly used by NASA (ref. 48). This process is wholly
a powder metallurgy operation. Recent MASA developments (ref. 120) have
eliminated the excessive agglomeration of the disperscd particles, which had
been a major drawback to the methad.

Several dispcreion-strengthened alloys have been developed, although very
few are commercially available. Of these, sintered aluminum powder (SAP),
which is aluminum dispersed with aluminum oxide, is considered the prototype.
Development was announced in 1950 (ref. 121). Strength properties com-
prepared with those of wrought aluminum alloys for prolonged heating conditions are
shown in figure 24. Another commercial product, designated TD nickel (thoria
dispersed) is nickel with Z volume percent thorium dioxide (ThOz) particles.
The strength properties compared with superalloy properties are shown in
figure 25. This composite also has better corrosion resistance than nickel
at 2000°F (1093°C) (ref. 1). Another commercial product is tungsten with
2 volume percent 'I‘hO2 particles. This composite is usually in wire form and
has superior strength compared with tungsten at 3500°F (1926°C). Several
other composites have alsc been developed. These include TD nickel-chromium
alloys, beryllium oxide-copper, lead oxide-lead alloys, and lead oxide and
copper disperscd in lead alloys (ref. 48).

The primary advantage of dispersion-strengthened metals is the strength
retention at temperatures approaching the melting point of the base metal.
TD nickel has superior strength compared with superalioys above 1800°F
(982°C). SAPhas strength superior towrought aluminum at temperatures above
500°F (260°C). However, both of these composites have lower strengths than
their competitors below these respective critical temperatures (ref. 121).

Hence, their strength-to-density advantage, and probably their cost
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effectiveness, may be unacceptable at lower operating temperatures. Additional

probler areas not resolved are joining methods, fabrication methods and
techniques, and knowledge of long-term, high-temperature creep properties,

to name a few (ref. 121).
Directionai Solidified Eutectic Alloys

A pnew approach to particulate composites involves producing the
composite by casting with the fibers formed within the part. Through
the use of controlled casting practice and selected alloy compositions,
called eutectics, particles of high strength and/or special physical prop-
erties are produced, aligned, and bound to the matrix in one process.
The process requires the use of high purity materials, controlled tem-
perature gradients, and controlled solidification. For example, if a
eutectic alloy is cooled conventionally, the solidified alloy will have a
conventional microstructure, as shown in figure 26.

Directional solidification of the eutectic alloy is achieved by slowly
withdrawing the mold from the furnace. A directional heat flow pattern
is developed, and the controlled cooling renders directionality to the
two phases comparable to the microstructure of figure 27. Excellent
bonding of particulates to the matrix is achieved through directional
solidification, Intermetallic compounds and refractory compounds pro-
duce higher strength particulates than those formed from a single ele-

ment or a solid solution.
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a) transverse section b) longitudinal section

Figure 26.~ A representative cutectic microstructure
Magnification: 200X. (ref. 123)

a) transverse section b) longitudinal section
magnification: 400X magnification: 160X

Figure 27.~ Microstructure of directionally solidified Al-A}l, Ni;
eutectic dark phase is the Alz Ni particulate, (ref. 12

(Reprinted by permission from Broutman-Krock (Editors),
“Modern Composite Materials, ' 1967, Addison-Wesley, Reading,
Mass. )
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The aluminum-aluminum nickel (AI-AI.’NH eutectic was the first alloy
system found that could become a composite through directional solidification
(ref., 124). The Al-AlsNi eutectic consists ot 10 volume percent Al Ni inter
metallic particulates embedded in aluminum matrix. The superinr properties
of the directionally solidified composite compared with ihe conventionally pro-
cessed alloy are shown in figure 28. When stresses were applied a! various
angles with respect to microstructural directionality, significant decreases ]

in tensile strength were obtained, as is illustrated in figure 29.

g
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2 ] Figure 28.— Tensile behavior of conveationally
® cast and directionally solidified ALAHNI
a’ eutectic. (from ref. 36)
:
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Figure 29.— Effect of stress direction
on the mechanical properties of the
Al-Al.Ni directionally
solidified material.
(from ref. 36)
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There are hundreds of eutectic compositions. Many, but not all, eutectic
materiale form composite type microstructures. Investigation of promising
candidates is being conducted by several lahoratories, The Siermens Research
Laboratories (Germany) have found that the directionally solidified indium
antimonide -nickel antimonide eutectic exhibits a iarge magnetoresistance effect
and also polarizas infrared light, Siemens now markets several devices hased
on these materials (ref. 125). NASA is studying directionally solidified com-
posites having special optical, magnetic. and electronic properties (ref. 129).
In addition, NASA is planning to investigate casting of these composites in
space in the hope of improving performance characteristice by taking advantage
of sere gravity conditions (refs. i25, 126). Additional studies of eutectic
alloys have been supported by NASA (refs. 127, 128).

NASA is coneidering aligned eutectic composites for shuttle external
insulation panel fasteners where service temperstures approsch 2200°F (12049C).
Several composites are being tested for shear strengthe assoclated with fas-
tener service loads. An interesting part of the investigation is the testing of

aligned eutectic allny thresded screws (ref. 129).

Whisker Composites

Whisker composites sre superstrength, rigid, lightweight materials for the
future. They are, eseentially, elongated crystals. They have been produced
in a range of fine éises from submicron ( 0. 0004 tneh) to greater than 0.001 inch
in diameter {see figure 30;. The length-to-diameter ratios have been 50 to
10, 000; most whisker lengths are & fraction of an inch, although they at

times have been grown to lengths from 1| tu 2 inches, The smaller diameter
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Figure 30,~ FPhotomicrographs showing aluminum whiskers. The wlhiskers
have high length-to-diameter ratios and are virtually free from defects,
No attempt had yet been made to separate and strengthen these whiskers

after thelr formation, (from ref. 134)

" (By permission of John Wiley & Soms, Inc. V'

crystals have higher streagth, but longer crysiais are easier to slign in the
matrix (ref. 130). Whiskers with tensile strengthe greater than i, 000,000 p
and elastic modulii greater than 10, 000 psi have been produced in the labor
(ref. 50).

Government agencies (the Air Force, the Navy, NASA) have supported
private industries and their efforts to develop whisker composites. NASA h
encouraged the development of whisker composites and aupported whisker
production development and fiber alignment techniques (refs. 131, 132,

Today's structural steels generally have strengths less than 125, 000 pa;
the highest strength steels in use have tensile properties of 280, 000 psi and
are being used for specialty aircraft applications, primarily in landing gear
Yet, iron has a theoretical strength of 2, 900, 000 psi and iron whiskers with
1,900, 000 psi tensile strength have been produced in the laboratory (ref, 13
Similarly, fibers usually have from 1/5th to 1/15th of the strenuth of whiske
from the same material. The great differences in strength are attributed te
minute internal defects (called dislocations) common to most materials, {n

quality whiskers, defects are absent or are insignificantly smell and the aur
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are extremely smooth. Some attained nominal pr« rerties of whiskers are
presented in the table XXI.

Whiskers have high elastic qualities; they can exhibit greater than | percent
elastic deformation before plastic deformation or failure. Elastic strain vaiues
of ) percent have been obtained with alumina whiskers and 4.9 percent with iron
whiskers (ref. 134). Some whiskers fracture immediately after experiencing
elastic deformation. Others have distinct yield pointe and experience lengthy
plastic extensions after the yield point has been reached.

in adéition to super strength and rigidity, some silicon carbide or
slumisum suide whiskers possess special physical characteristics that have
potential for specialised optical, magaetic, or electronic needs.

The whiskers, of course, serve to support the applied loads and impart
stiftness (high modull) to the composite. They may require a coating such as
niekel ne other metals to permit wetting and bonding to the matrix. The coat-
ing may also function to prevent the whisker from reacting with the matrix,
ahile the matrix serves to space and to bind the whiskers. The matrix also
transmits appiied loads to the whiskers and affords protection against the
environment,

Two recent techaiques for producing whiskers on a pilot line basis are
a) vapor phase feaction and b) a vapor -liquid-solution (VLS) technique. Quality
whiskers have beon produced in the laboratory using other techniques which are
ant conducive to pilot line or production quantities. Currently, whisker growth
is accomplished by a batch process in which capsules containing crystals are
weoved thfough a furnace with a continuously controlled atmosphere (or vacﬁum)
icee figute 31). Processes to produce whisker composites include at least

(ai whiske# alignment, (b addition of the matrix, and (c) consolidation of the
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HITERNAL BANOREL IBSTRATY
SOR CORDENSATION OF WAPORS
ARD GROWTH OF WHISKRERS
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CICULAR TRATS CONTIRIIIGS
FIUDUNY SUNDR CARBSE

Figure 31.~ A sketch of a capsulc used for
growing boron carbide whiskers.
(from ref. 50)
combined constituents into a firm, dense body. Details on processes to
aclieve whisker growth and install whiskers in composites are described
in refs. %0, 131, 133, 134, and 135,

Alumina (sapphire), silicon carbide, silicon nitride, and aluminum
whiskers are commercially available in pilot line quantities. Costs are high
competed with those of other composite filaments. Whisker composites,
however, are not commercially available today. Before they do become com-

me¥Fcially available, further d.velopment efforts are required. They include:
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[} Development of processes that will grow la“ger quantities of
whiskers (free from gross defects and branching) at reasonable
cogts,

e Development of automated processes that will clean and grade the
whiskers to specific sizes (according to length and diameter).

° Development of automated processes for continuously aligning the
whiskers and for incorporating them into the matrix.

® Development of consolidating processes that will not fracture or
chemically degrade the whiskers (ref. 134).

The superstrength of whisker composites at elevated temperatures offers such

a potential that continued development is war: anted.

Flake Composites

Flake composites consist of thin, two -dimensional particles oriented
in a planar relationship and dispersed ina matrix or held together by an inter-
face binder. Flakes can be densely packed in a matrix because of their flat
shape; thus high in-plane strengths are produced as well as rigidity equal in
all directions, as distinguished from the unidirectional strength of fibers.
The overlap of flakes provides a barrier to fluids and vapors, Where
overlapping flakes touch, it is possible with metal flakes to provide
electrical or thermal conductivity. With norconductive glass or mica
flakes, the compcsite has good dielectric and + ermal insulation properties
(ref. 1).

The number of flake materials is limited to aluminum, silver, mica,

and glass. Binders and matrices may be compatible organic or inorganic
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materials. Aluminum is often combined with cellulose, vinyl, or acrylic
resins to make decorative and metal corrosion impermeable barriers (coatings).
Silver flakes are combined with epoxy resins to make electrically conductive
coatings.

Glass flakes are generally used in an epoxy resin matrix because of its
superior wetting ability. This excellent combination of strength and electrical
properties has resulted in the production of battery and instrument cases,
printed circuit boards, and molded insulators.

Mica flakes are generally bound into a composite with glass. This
material can be compression-molded and is used to make high-strength

electrical insulators for use at temperatures near 600°F (3 16°C).




Chapter 3

The Application of Composites to Agriculture

INTRODUCTION

The agricultural industry is in reality a number of industries, each differing
significantly from the others but all tied to the land. The various divisions in
agriculture are shown in table XXII, which also shows the differences in land

usage and equipment.
TABLE XXII. — AGRICULTURAL DIVISIONS

Division Land Use and Equipment

Large land masses; heavy
equipment

Wheat, grain, corn, etc.

Truck farming Small and large plots; hand
implements and large equipment

Orchards Medium plots; some large
equipment

Livestock (cattle, poultry, Large land mass: little equipment

dairy, sheep, etc.)

Lumbering Large land mass; some heavy
equipment

In addition to the dependency on land, another element common to all
agricultural divisions is the relatively low cost per pound, compared with
most manufactured products, of the products sold (as listed in table XXI).
Furthermore, the work is usually performed by relatively unskilled labor.
Thus, because of the low-cost nature of the product and the type of labor,
there is very little incentive to use the lightweight, high-strength, high-cost
composite materials. In addition, weight is usually not a serious problem;
corrosion is only moderate, and high temperatures are nonexistent so that

there is no incentive for applying some of the exotic corrosion and heat
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resistant alloys. In general, any composite materials used in agriculture
should be modestin cost, have good outdoor weathering resistance, and have
the moderate strengths and weights associated with currently used materials.
The use of composites in agriculture is thus necessarily low. There are, of
course, some exceptions, detailed later. However, since mechanization is
increasing rapidly in all segments of agriculture, it is to be expected that
composite utilization will also increase, particularly with the probable price

reductions.

APPLICATIONS BY AGRICULTURAL DIVISION

Suggested applications of the various types of composite materials are

discussed for each agricultural division listed in table XXII.

Possible Applications for Grain Production

In the various grain-farming industries, fiber-reinforced composites can
he useful in the construction of portable silos, water tanks, etc., using filament-
winding techniques (see Chapter 2) developed by NASA or NASA-sponsored
contractors (refs. 35, 136). In general, the fibers used would be the lower
cost ones, i.e., glass and possibly PRD 49, graphite, or combinations of
glass fibers and graphite.

Air- supported barns (figure 32) and other inflatable structures for permanent
or temporary use can be made of Beta fiberglass, fiber-reinforced Mylar, or
polyethylene films (refs. 78, 92, 137). Beta fiberglass buildings are said to

have a life expectancy of at least 20 years, at a cost substantially below that of
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Figure 32.— Air-supported barns,
(from ref. 137)
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conventional barns. The material also has the advantage of translucency, which
results in barns with better illumination during daylight hours than conventional
structures. Structures using the very light films, while not too permanent,
have the very obvious advantage of low cost, light weight, and ease and speed
of construction. They would thus be ideally suited where fast, temporary
shelter is required. Films could also be used for field coverage of harvested
crops.

Lubrication of farm equipment is an ever-present problem, since such
equipment is used under continuous exposure to dust, wind, weather, etc.
One NASA development that may, to some extent, help alleviate the problem
is a permanently lubricsted gear made from a laminate of TFE Teflon-bronze
and steel (or other metal). The Teflon-impregnated bronze is brazed to a
steel backing to result in a gear specially suitable for high-pressure applications

(ref. 82).

Possible Applications for Truck Farming

As in the grain production activities, laminates could also be of use in
truck farming for the construction of air-supported barns. Beta fiberglass
or films are also of potential use here (refs. 78, 92). Information on plastic
film greenhouses (figure 32) of polethylene, made both in the conventional
framework support manner and also air- supported, has been published (ref.
138). Air-inflatable polyvinyl film greenhouses have been reported to be in

use for the production of lettuce and tomatoes (ref. 137).
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Possible Applications for Orchards

Several di’ferent types of composites have potential usefulness in orchard
farming. Fiber-reinforced metal components can be utilized in the construction
of lightweight ladders, cherry picker booms, harvesting frames, and similar
structures. These would be made by the infiltration of boron-epoxy or graphite-
epoxy into metal shapes, a technique described in Chapter 2. Various concepts
for this type of hybrid composite are illustrated in figure 33 (ref. 21). As
shown, the fiber is encased in either a metal extrusion or a similar shape made
of sheet metal. Epoxy resin is infiltrated into the fibers and cured; the result
is a bonded, hybrid composite structure.

Laminates are also useful for orchard application in air-supported barns
or other inflatable structures. Fiber-reinforced films. such as described
previously and in Chapter 2, could also be utilized in the construction of barns
and other structures. Fabric-reinforced films can be used for portions of
harvesting frames for mass removal techniques of fruit and nut harvesting.

A skeletal composite recently developed by NASA is of interest for orchard
application. The composite is a lightweight, nylon, monofilament-metallized
Mylar mesh (refs. 139,140). This material could beutilized as tree netting.
Draped over fruit bearing irees, such netting would prevent birds from eating
the fruit and yet be light enough not to damage the smaller branches of the tree
or the fruit. The nylon is birdproof, and the shimmering effect produced by
the aluminum metallized Mylar is said to repel the birds. This type of nelfﬁng
is shown in figure 34. The netting itself is knitted on conventional knitting
machines using commerciaily available yarns. It is highly reflective and

extremely lightweight , nominally 5 gm/mz. The availability of suitable fine
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Figure 33.— Hybrid composite concepts. (from ref. 21)

(Reprinted by permission of the Society of Aerospace
Material and Process Engineers.)

meshes has been severely limited in the past by fabrication problems. The

new fabric, however, can be produced in large quantity at relatively low cost.

The two yarn components used are a 15-denier nylon monofilament, 1.5 mils

in diameter, and aluminized Mylar tape, 0.5 mil thick and 10 mils wide. The

Mylar is coated on both sides with aluminum which, in turn, is covered with a

chemically resistant coating. The fabric is a circular knit mesh, fabricated
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Figure 34.- NASA lightweight , reflective mesh fabric. (from ref. 139)

The basic shape of the elements making up the mesh fadbric is triangular, as
can be seen in figure 34, with side lengths of approximately 3 mm.

Possible Applications for Livestock Farming

Air-supported barns and other inflatable structures, made of laminates
as discussed previously, can also be used by the livestock industry. Again,
the laminates of interest would include Beta fiberglass, fiber-reinforced Mylar
and polyethylene, and cable-supported vinyl film.

Low-cost cryostats made from readily available materials, as described
in Chapter 2, have & potential use. Such a cryostat could be utilized in the
storage of seminal fluid for artificial insemination of cattle. Figure 35 shows
the construction of such a cryostat, which is said to cost approximately $10,

A 50-liter Dewar flask, costing approximately $150, will store liquid nitrogen
for threc weeks, whereas a low-cost cryostat of equal capacity will store

liquid nitrogen for approximately one week (ref. 74).
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Figure 35.=~ lLow-cost cryostat.
{from ref. 74)

Possible Applications for Lumbering

In the lumbering industry, fiber.reinforced composites have several

possible applications. Fiberglasa-epoxy or graphite-epoxy laminates can be

]

used in the construction of lightweight tripods, A framea, etc. (ref. 141).

§ il

Low-cost balloon structures can be made of {iber-reinforced {ilms such as
Mylsr and/or palysthylene. These balloons, made relatively cheaply, can
have lifting capacities of thoussnde of pounds. 3uch balloons have been used

L LA

for lumber ramoval from inaccessible areas in Washington, Oregon, and
Australia (refs. 142, 147, 144, 145,

T
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Chapter 4

Applications of Composites in Chemical and Petrochemical Industries

The chemical and petrochemical industries are usually considered to be
those industries dealing with chemicals obtained from minerals, the air, ihe
sea, agricultural products, and from petroleum. These industriens refine,
modify, or combine these basic materials into the myriads of raw stock
chemicals or possibly finished products that are used in ali phases of life.
For the purposes of this chapter, the chemical and petrcchemical iadustrias
are considered synonymous and are jointly ciassified as the chemical indus-

_try. This latter term is cmﬁ-nd here to cm mmﬁr mﬁo
branches. One branch has already been doﬁud f.e., &t use d abuuio to

produce other chemicals, raw stocks, or finished products. This branch
could also be employed in the preparation of the iu&vﬁu&l cmﬂl used
in making various types of compcsites. Thus, maaufacturers curreatly
engaged in making phenolic or epoxy resins might also manufacture high-
temperature resistance pyrrone or polybenzimidole resins. Glass fiber
manufacturers might investigate the many new glass formulas developed
under NASA sponsorship (ref. 43). The otaer branch might be called the
chemical plant construction and equipment industry, that is, the segment of
the chemical industry which builds the specialized chemical plants and/or
the machinery and equipment that are unique to the chemical industry.

The applications of composites in plant coastruction and squipment are

discussed first.

106

* mer -

o e,

)
Ao

: »’m gwgv‘ rl 2945 Lo .‘

o T T a———



CHEMICAL PLANT STRUCTURES

¢ hemical plants are unique in that, in many cascs, the plants are simply
wpen fFamew rka, efected mainly to support adjoining equipment, e.g., an
¢ nit refinefy, in other cases the entire operation is completed indcors, just
as in othe? manuwfacturiag unite,

The chemical plants, regardless of their type, do have special equipment
requirements. These include conveyors to handle the raw materials. Such
conveyers might be open beit comveyors carrying crushed ore, coal, coke,
materiale from oas floor to ancther. Possibly the most widely used conveyor
15 & pump and pipiag system, used for transport of liquids, slurries, or gases.
Assorinted with the pump and pipiag system are valves, pressure regulators,
motnes, ofte, Umally in close proximity to the conveyor system is a storage

(‘ afes of some hind, This could be as simple as a bin for storage of bulk

| solids of as complex as a specially insulated tank for storage of cryogenic
if fluide,
Fundamental to most chemical processes is some type of chemical
E reaction, taking place in a reactor vessel. Such a reactor might ve merely
g & large kettle, an is used for varnish cooking, or it might be an enclosed,
giass Hined, imtersal miner reactor vessel with heating and cooling coils
: capable of contreiling 3 reaction of several tons of material within £1°F
(20, $97C). Conversely, the reactor might be the large catalytic cracking
g towe? wéed o obtaia gacoline from crude oil. To carry out the reaction
completely or efficiently, usually a great deal of supplementary equipment

is required, Such equipment may be special high-temperatureheaters or
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furnaces; or possibly a heat exchanger system, filters, drvera, ovens, etc,
These reactions could involve very corrosive materiale, or he carried ant at
extremealy high or low temperatures, or all three conditions could exiat.

Thus it may readily be scen that this large diversity of planta, equipment,

and processes could well use many types of composite materials, i,e . Tiher

reinforced composites for high strengths with lighter weight, birmetallic
laminates for exceptional corrosion resistance, foam of fnil as insulatioh

systems for high or low temperature reactions, ete,

.- TYPRS QF B

The specific contributions which the NASA work on compnsites can offes

to the two branches of the chemical industry are divided inle e saclioRd:

1. Analytical and design investigations ian which the mathemasieal
and/or theoretical basis for particular compesites or structufes
are established.

2. Materials and processes ¢valuations; here compusite materiale
which are in the form of rods, tubes, sheets. etc., ate tested io
determine properties or to develop new processes fof the coth-
posite material production,

3. Specific hardware or product developments from which details afe
derived of types of materials used and/or processes employed 6
produce a particular structure or product, While fosi of these
investigations directly apply to an asrospace ueage; thefe afe ¢
number which might be useful for applicatinn tn a chemical plast.

Examples of such a product might be metalized Mylsf -alufminuim
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foil insulation for cryogenic storage tanks or a silicide ceramic

. vating used on a metal substrate for high temperature oxidation
resiutance, The major portion of these hardware developments

may at present be ton expensive for utilization because of the
incorporation of exotic components, such as columbium coatings,
siticon carbide whiskers, boron fibers, etc. However, the initiation
of the use of these materials could lead to volume exploitation which
would, ia turs, lead to lévﬁr prices and conseqﬁent higher produc-
tion, ete.

Asalytical and Design Investigations

The destin of a chemical plant or specific types of chémical equipment
preasents certsin problems not as common in any other industry. An
squipment failure in s chemical plant could very easily lead to catastrophic
fesults. e, %., an explosion, very bad corrosion, release of toxic fumes, etc.
fhue, snalytical data on design usage of these relatively new materials
assuine major importance,

The majerity of the investigations on composite materials (by NASA and
othefi) has been on boron or graphite filamentary-reinforced composites,
sinee these are the materials that give the desired improvements in strength,
madulus, and weight reductions, Thus it is not surprising that almost all the
anatyses and rmathematical treatments are concerned with filamentary rein-
fnrred compusites. Reports on a number of analytical investigations have
been i=sued by NASA on various aspects of filamentary design. One such

tepntt is ah overall treatment of the problems of testing composites as
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compared with monolithic structures (ref. 146). A similar report deals with
theoretical predictions of stiffness and strength properties in filamentary
composites, and with structural aspects of filamentary composites designed
for biaxial loads (ref. 147). Somewhat similar treatment is given in refs.
20, 148, 149 and 150. These data could be very useful in the design of pres-

sure vessels, tanks, piping, and similar structures.
Materials and Processes Investigations

A number of studies have been made by NASA facilities and NASA funded
contractors in which some type of composite raw stdck (as opposed to a
specific part) was investigated. The work in many cases considered a new
material, such as a new fiber combined with a well known matrix, e.g.,
PRD-49-1 with epoxy resin (rei. 45) or a new processing technique for pre-
viously used materials, e.g., continuous casting of boron fiber-reinforced
parts (ref. 151) or a new composite made from previously unused materials,
e.g., metal-ceramic composites. In each case results were obtained from
tests on specific materials. Included in most of the reports, also, are some
analyses of the tests and the test results, so that the reader may know how the
tests compare with tests on similar materials, possible variations, signifi-
cance of the results, etc.

There are a great many projects directly concerned with various fila-
mentary reinforced test samples, investigations of processes for making the
test samples, and also development of specific hardware items using fila-
mentary reinforcements. In the main, the filaments consist of either boron

or graphite fibers and, to a considerably lesser extent, tungsten fibers and
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various types of whisker reinforcements such as carbides, oxides, etc. The
matrix material for graphite fibers is usually epoxy resin. Boron fibers are
embedded in epoxy resin and in alurninum and magnesium by infiltration or
diffusion bonding. The tungsten fibers and many of the whisker reinforce-
ments are usually used in high temperature applications infiltrated with
molten copper or in conjunction with powder metallurgy techniques with
various high temperature alloys. Chapter 2 gives a more detailed descrip-
tion of the various types of the filamentary composites.

Of the many reports available on filamentary reinforced composites, the
ones of greatest interest to the chemical industry are those dealing with test
specimens representing structures that could be used for tanks, pipes,
storage structures, etc. Again it should be emphasized that, in the main,
these composites are used for their excellent strength-to-weight ratio. Thus
they would be ideal for any portable or airbovne requirements.

One project of specific interest to the chemical industry is concerned
with the development of continuous forming and curing techniques for produc-
tion of circular structural composite shapes for space vehicle applications
(ref. 35). This investigation, which at the time of writing was not yet com-
pleted, should lead to the production of lightweight, corrosion resistant tanks,
pipes, etc. When fully developed, the technique can produce long tanks or
pipes up to 20 feet in diameter, at nominal cost, from epoxy-fiberglass or
from graphite or boron filaments. The process consists of continuous pro-
duction of epoxy-fiberglass extruded shapes, either as rings or continuous
spirals. The shapes are then bonded to form tanks, pipes, etc. The ultimate

products are similar to, but can be larger in diameter and made by a
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different process, than the European "Drostholm’ continuous filament winding
process (ref. 136;.

One of the most significant developments in the use of filamentary com-
posites is the hybrid construction technique referred to in Chapter 2. In
connection with the development of this concept, several investigations have

been made of the compressive properties of tubes reinforced with boron and

S-glass (refs. 18, 152, 153). The hybrid technique has been further developed

to encompass the use of selective reinforcement by boren filaments (refs. 20,
21). In this latter technique, boron filaments are placed in voi:" in metal
shapes and infiltrated with ep.oxy resin. The resulting structures in com-
pression are 25 percent lighter in weight than their all-metal counterparts

of equal strength. Such materials would be particularly applicable to portable

derricks, equipment support structures, and any other equipment designed for

portability. Anocther use would be for tanks and reactor vessels of aluminum
when the metal must be used for its chemical properties but size or weight
limitations make an all-metal construction marginal. A somewhat similar
technique involves reinforcement of aluminum by boron fibers, except here
the materials are combined by diffusion bonding (ref. 26). (See also
Chapter 2.)

Techniques for reinforcement of copper by tungsten filaments have been
extensively investigated by NASA Lewis Research Center. Composites con-
taining approximately 12 to 75 volume percent of tungsten show strength
increases up to almost 500 percent. The possibility thus exists of using

copper as part of structural design in those processes in which large copper

busses are used, e.g., in aluminum refining. Refs. 5, 52, and 154 give data

on preparation of the composites and ref. 155 gives data on the electrical
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properties. In general, the resistivity of the composites was found to follow
a hyperbolic function with fiber content, and conductivity was found to follow

a linea: relation with fiber content,

Specific Product Developments

The following project descriptions apply mainly to the chemical plant and
equipment branch of the chemical industry. There are also, however, a
number of projects on new resins, foams, adhesives, etc., that are directly
applicable to the manufacture of resins, formulators, and simiiar
compositions.

Filamentary Reinforced Composites.— The fabrication and testing of

glass fiber-reinforced metal shell tanks used in high pressure (1000-9000
psi) cryogenic service have been reported (ref. 156). Somewhat similar tanks,
using a cryogenic forming technique and a fiberglass overwrap, have also been
described (ref. 157). Significant weight savings over all-metal construction
were found.

An extensive analysis of hybrid design chiefly using boron filamentary
reinforcement of aluminum metal structures is given in ref. 158. While the
paper is primarily written for aircraft structural design, the examples shown
can well be adapted for the design of high pressure reactors, tanks, and plant
structures. A somewhat similar analysis of selective reinforcement of metal
structures is given in ref. 41 for a single type of structure, an engine sup-
port. It was shown that when boron-aluminum composite tubes are used as a
compression strut, they are found superior to other composites or to all-

metal tubes, on the basis of the highest strength-to-weight ratio.
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An investigation of optimum designs for a spacecraft heat exchanger
indicated that boron-reinforced aluminum gave the best results on a strength-
to-weight basis. The high thermal conductivity of the composite and its
relative stiffness might also be utilized ior high pressure heat exchangers in

chemical processing (ref. 23).

Bimetallic and Coating Investigations.— Bimetallic laminates and coated

metals for corrosive or high temperature eavironments are discussed in
Chapter 2. The use of bimetallic materials such as stainless steel on mild
steel for reactor vessels, storage tanks, etc., is well known in the chemical
industry. Ref. 80 describes fabrication of bimetallic materials by explosive
welding and vapor deposition which result in stainless-steel-clad titanium
sheets for LOX (liquid oxygen) 2pplications. Coatings as thin as 0.0001 inch
of stainless steel afforded protection against the titanium-LOX reaction.

Ref. 81 describes explosively bonded bimetallics of stainless steel and

nickel-based alloys coated with several types of refractory metals. Tantalum

and 321 stainless steel appeared best for temperatures to 1600°% (87l°C) for
up to 2700 hours. Ref. 871ists cobalt chromium aluminum yttrium coatings
applied to nickel base alloys by electron beam vapor deposition. These
coatings gave adequate oxidation protection for at least 1100 hours at
2000°F (1092°C).

Work done on nonmetallic coatings for high-temperature applications is
discussed in ref. 88 which describes an air-sprayed zirconia-based coating
suitable for temperatures up to 4000°F (2203°C). Slurry-applied silicide

coatings for temperatures up to 2400°F (l3l6°C) for short time use are

described in ref. 90.

114

.

g e



AR L8

it

Bonding and Joining.— A number of techniques for bonding and joining

various materials have been studied (ref. 85). Included are techniques for
brazing aluminum to stainless steel, titanium to aluminum, and molybdenum
to stainless steel. A number of adhesive bonding techniques for various
materials are also included. All these techniques can be utilized in produc-
tion of special chemical-resistant equipment,

A somewhat similar publication details methods of joining ceramics to
metals and graphite to metals by a variety of techniques (ref. 102). The
direct fusion joining of ceramic materials to ceramics and to metais by
electron-beam welding is most promising. The methods that can be used to
join graphite to graphite and to metals are limited to the nonfusion joining
techniques, i.e., solid-phase joi-"1g and liquid-solid-phase joining.

Thermal Insulation.— Coincident with the development of the aerospace
industry, the field of cryogenics in the United States increased manyfold.
Economical storage of cryogenic fiuids for use in chemical reactions, in
metal working, etc., is therefore an important factor affecting its applica-
tion. Since liquid hydrogen and liquid oxygen are used so extensively in
spacecraft, NASA has sponsored a number of projects to develop efficient
cryogenic insulation systems. Details on a number of cryogenic insulation
systems utilizing multilayer metallized Mylar and similar film systems and
urethane foam materials are given in Chapter 2. NASA special publication
SP-5027, ref. 73, and ref. 72, are general discussions of thermal insulation
systems. Refs. 64, 65, 66, 68, 136, and 159 give details of the various
cryogenic insuiation systems developed. Ref. 74 gives details of a low-cost
cryostat suitable for use by laboratories, small shops, etc. Such a low-cost

structure is shown in figure 35 in Chapter 3. Ref. 76 details a low cost
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system of cryogenic insulation for use on pipes. This insulation system is a
composite of aluminized fiberglass tape, cork, Mylar, aluminum foil, and
adhesive. Figure 36 illustrates the concept.

Atumimized Fiberglass Tape

Cork Myiar
Vapor Barner Alurnnum
Mylar

Figure 36.— Low cost cryogenic pipe insulation. (from ref. 76)

In addition to the development of low temperaturc insulation, a number
of insulation systems for very high temperatures have also been developed.
These include systems that would have direct application as furnace insula-
tions, reactor linings, etc. One such insulation is a foam based on an alum-
inum phosphate matrix and either silicon microballoons or carbon microbal-
loons. This low cost material is available in densities ranging from 18 to
60 1b/ft> and has a heat resistance of up to 2000°F (1093°C) (ref. 111). Other
insulations are based on the bonded silica, zirconia, mullite, etc., fibrous
insulation systems proposed for re-entry spacecraft (refs. 160, 161, 162). A
system of multilayer insulation using molybdenum foil and silica cloth suit-
able for temperatures up to 2000°F (1093°C) has been reported (ref. 75). A
similar system using tantalum foil and carbon fabric is also reported satis-
factory to 4000°F (2203°C). Such insulations should be suitable for use

around burners and reactors, particularly those involving nuclear reactions,
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Solid Lubricants.— Solid lubricants are of particular interest to the

chemical industry since their use permits operation of reactor mixers,
stirrers, etc., with minimum danger of contamination. Solid lubricants are
also used advantageously for high temperature applications such as conveyor
belts, furnace doors, etc. Several types of solid lubricante have bzen
investigated by NASA; a general survey is given in ref. 119.

Solid lubricants based on calcium fluoride-barium fluoride eutectics have
been described as suitable for temperatures from 500° to 1700°F (260° to
927°C) (ref. 118). Some of these lubricants can be formulated to impart
improved axidation resistance properties to the substrate material.

A "white graphite’" material, prepared by the reaction of graphite and
fluorine, has been reported (ref. 163). This lubricant seems particularly
attractive for chemical processing, food machinery, textile processing, etc.,
becsuse of its non-staining characteristics. The "white graphite" is said to
have approximately the same characteristics as molybdenum disulfide up to
900°F (482°C), which is approximately 150°F (66°C) above the limit for
molybdenum disulfide.

Ref. 164 describes several solid lubricants, one using a glass binder and
another bonded with a high temperature resistance pyrrone polymer.

Gaskets and Seals.— Gaskets and seals used in reactors, filter presses,
pumps, etc., have been covered in a NASA special publication (ref. 165).
Techniques of preparing seals of glass cloth and aromatic polymers such as
polyimide or polybenzimidazole for use in liquid hydrogen and nuclear

radiationenvironments have been reported (ref. 166). Somewhat similar
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bearings and sea)s used in turbo-pumps for liquid hydrogen, using polytri-
fluorochloroethylene filled with glass fibers or graphite, are described in
ref. 167. Another radiation resistance bearing retainer material, based on
polyimide resin and 5-glass fabric,which has good wear resistance, lubricity,
and stability, is described in ref. 168.

Filter Materials. — Several new materials have been developed that might

serve as filter materials for special applications, One such material is Beta
fiberglass (ref. 92). This material is a glass fabric made with extremely fine
fibers; it was used by NASA as a flame resistant part of the space suit for
the astronsuts. As such, it is costed with TFE Teflon for increased abrasion
resistance. For use in a filter press, it could probably be used uncoated and
should be a very fine filter for non-alkaline, extremely corrosive, or very
high temperature filtration, =1000°F (=538°C).

Anocther type of material that should be useful for very high temperature
filtrations are graphite or carbon fibers. Conventional carbon fibers are
very fine, =0,0008 cm in diameter. A new technique producing monofilament
carbon fibers, 0. 008 to 0,016 cm in diameter, has recently been announced
(ref. 40). These fibers, or cloths woven from the fibers, should be useful
because of their relatively large size for all types of non-oxidizing filtration
of liquids or gases at temperatures up to at least 2200°F (120400). Informa-
tion is also available on woven graphite fabrics that show appreciably high
streagths at temperatures up to 2500°F (1 371°C) in non-oxidizing atmospheres
(ref. 29). Inoxidizing atmospheres the fabrics can be used at temperatures as
highas 1400°F (760°C) for short periods of time. Suchmaterials might be used

for stack filtration of hot gases, particularly if the materials are coated with
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ailicone of ailica to form ailicon carbide or the surface, as preliminary tests
indicate,

Fyrrone Resinn. = One resin aystem, developed at NASA l.angley Research

Center, in known as the polyimidazopyrrolone ('pyrrone’) polymers., These
polymers, which can be used ‘or adhes.ves, fiberglass and graphite laminates,
and chemically blown and syntactic foams, are thermosetting resins that
resist degradation in air and show good strength at temperatures from 400°

to 700°F (204° to 371 °C) (ref. 169). Several different techniques for prep-
aration of pyrrone resins and foams are given (refs. 31, 108, 170, 171, 172,
173). Imcluded in the references are processing data on compression molding
of the pyrrune resins. Data on the physical properties at 600°F (316°C) and
radiation stability of the uafilled pyrrone resins are given in ref. 174.

Polyimide Resins. ~ The polyimide polymers are another class of high-

temperature resistant polymers investigated by a number of NASA -funded
organizations. A low-void polyimide resin system can be used for making
excellent highstemperature resistant glass and graphite laminates (ref. 175).
The same type of resins used for the iaminates can also be used to make
thermally stable adhesives (ref. 84). Polyimide monomers with improved
shelf life and higher solubility are reported in ref. 176.

Cryogenic Adhesives,~ Two new adhesive systems developed for cryo-

genic service have been reported (refs. 177 and 178). One is 2n epoxy formu-
lation (ref. 178) ~2d the other, a urethane-epoxy adduct (ref. 177).
Foams.— As mentioned in Chapters 2, 8, and 10, a good deal of effort
has been expended by NASA, particularly the Ames Research Center, on
development of foam materials for fire resistance and fire retardance. Two

classes of materials have been developed: (1) filled polyurethane and
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polyisocyanurate foams that are fire resistant and fire suppressant (refs. 103,
104) and (2) intumescent paints which on heat application foam up and almo act
as flame quenchers by gas liberation (refs. 105, 106). It is considered that
these materials could be of use in a chemical plant as protective materials in
hazardous areas or for hazardous equipment. The materials might also be
considered for their commercial aspects, e.g., to be added to a formulator »
product line.

Another type of polyurethane formulation is described in ref. 110. It ts
a very rapidly reacting polyurethane foam formulation which can be put wp in
kits for emergency flotation or other uses in which a quick plastic foam i»
required.

A storage-stable, thermally activated polyurethane composition has been
invented (ref. 147). Such a single component compound needs no mixing,
only heat to cause foaming; thus, it can also be used as a fire suppressant or
for heat activated packaging, etc.

Reinforced Films and Fabrics.— Fabric-reinforced {ilm»s as covers for

open tanks to reduce air pollution have been used by Eastman Kodak and other
chemical processors (ref. 138). The Dacron fiber-reinforced Mylar or
polyethylene films discussed in Chapter 2 could be used for this application,

These same films could be used for temporary weather protection or for

semi-permanent air-supported warehouses. Beta fabric, a TFE Teflon-coated

fiberglass fabric, is expected to have a life expectancy of 20 years when used

as an air-supported warchouse material ({ref. 92).
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Chapter 5

Applications of ¢ empositen ia C onsumer Goods

A listing of potential yeaes of composites in consumer goods would include
all typea of hausshald itetna and a number of recreational items. Table XXIII

liata the typsa of products that fall into the consumer goods category.

FABLE XXII.= CONSUMER GOODS

i, Household Rems

Fearafture

Home Appliances
Stoves, refrigerators. washing machines, miscellaneous
tean speners, mixers, fans, etc.)

Soft Qoode
Drapery. rugs. carpets, etc.

Clothing. shoes, rainwear
Food and food packaging

2. Recreational Items

Indocr
Radio, television, hi-fi equipmnent, etc.
Photographic equipment
Models (aircraft, trains, ship, etc.)

3 Miscellaneous (aquaria, games, etc.)

Outdoor
Sporting goods (small)
Tennis racquets. pole vaulting poies, skis, ski boots,
ski poles
C nping equipment
Gardening equipment
Sporting goods (large items)
Boats
Skimobiles
Gliders (as distinuished from light aircraft)
Hot-air and gas-filled balloons

In general, cost will be the limiting factor in the application of composites to
household items. The high strength-to-weight ratio exhibited by most of the

fibrous composites will be overshadowed by the element of cost for those items
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containing boron or graphite fibers. ft ia conceivahle hawever that hybeid
composites (metal reinforced with high modulua filera: aill he waed v e
extent for household goods applicatione.  On the other hand  re cnationmal e 3
in many cases are insensitive to price, o g . the yaoht fatrepid  seleted b
defend the America's Cup in 1970, utilized a horon eposy apinnater peole

pole weighed 32 pounds compared with 85 paunria for an abamingen pele (vel 80)
A weight saving of 63 percent over the aluminum pole reaylted  Tmb the . oat

was extremely high. Other recreational itema are atsa currentily Belng made

to utilize other properties of the composites.

HOUSEHOLD APPLICATIONS

Furniture Applications of Compoeites

In the last few years. a virtual revolution hee taken Blece in the furniture
industry as many tvpes of plastic Mmaterials are supplanting wnold  Armong the
plastics used are hard foam materiales. which are caat ar molded inlo fFeplicae
of carved wooden forms. Soft foams are also used as ronstituenia of the uphol.
stery. In most cases. the wooden replica fosrm material i8 a polyurethane. o
vinyl, or polystyrene. One of the problems in the use of the plastics materiale
is fire susceptibility. To obtain fire suppresssnt properties as well as self-
extinguishing properties in the foam materials, thermally activated components
can be added to the foams. Such materisls, which sct to help extinguish flames,
have been developed to be added to the foamant. before the foaming reaction
(ref. 103). These materials, used by NASA Ames Research Center in develop-
ment of spacecraft and aircraft fire-suppressant foams, are mare fully dis-

cussed in Chapters 2, 8, and 10.
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A pnaaible use of a fiber-reinforced composite in furniture would be a
graphite . epaxy «omposite molded in the form cf a leaf spring or a similar
epring This epring could be used as a cocinponent of a rocking chair in place of the
aprings rurrently used. NASA Langley Research Center has investigated the
wae of bearingless helicopter rotor blades made of a unidirectional graphite-
spony camposite with a relatively low torsional stiffness. Twisting deforma-
tien of spar segments of these blades eliminates the need for mechanical pitch
bearings (ref. 181). This same type of application cou’d be used for elimi-
nation of metal springs, with s consequent weight and noise reduction.

One appiication that would exploit the favorable strength-weight ratio of
a hybrid fiber- reinforced metal would be the construction of household exten-
sion step stools. Since such stools are frequently carried around the house
by the housewife, any weight reduction would be well received. The hybrid
concept, combining metal and high modulus fibers, could offer such weight
savings and, at the same time, be considerably cheaper in price compared
with an all-composite construction. Figure 33 in Chapter 3 shows a number of
representative shapes that can be made using this concept (ref. 21). The
application of this concept to full-size step ladders and extension ladders would

allow even greater utilization of the hybrid concept.

Home Appliances

In view of the very cost conscious nature of the home appiiance industry,
it appears that, at the time of writing, very few of the composite materizls
would be applicable. The possibility does exist that, given price decreases,

washing machine agitators and wringer tubs could be made of fiber-reinforced
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composite materials. The advantages would. of course, be weight savings and
the use of noncorrosive mater:als, so that enameled iron and the more expensive
porcelain tubs might be eliminated. :Molded gear housings can also be made of
short fiber composites, with consequent weign: savings. Such molded gear
cases have been reported (ref. 182). Permanently lubricated steel-bronze-
TFE Teflon gears might be fabricated using techniques that have been davelope-
by NASA (ref. 183). These gears could, of course, be used in the composite
housings, with the elimination of the need for lubrication.

Insulation systems develope. by NASA for use on spacecraft would be
applicable to stoves and refrigerators and wall insulation systems in homes,
pa:ticularly for mobile homes. Some of these systems, originally developed
for insulation on cryogenic tanks, could well be utilised for refrigerators or
for portable cold "picnic'’ baskets. Ref. 64 gives details on several types of
insulation systems utilizing metalized Mylar films and fabric spacers. A
simple, efficient insulation system for walls and portahle cold boxes is given
in ref. 74. Refs. 72 and 73 summarize a nmmber of developments in the fields
of cryogenic insulation, but which possibly could also be used for home
refrigerators.

The high heat-resistant resins such as the pyrrones and polyimides could
be used as molding resins for the production of pot and pan handles. Currently,
such handles are usually made of phenolic resin« combined with a wood-flour
filler. Temperatures much above 300°F (149YC) quickly cause destruction
of the handle. The pyrrone resins (refs. 31, 169, 172) and polyimide resins
(refs. 175, 184, 185) can both be used for temperatures of 450 to 500°F (232
to 260°C) for long periods of time. Both materials can be filled with the same

type of fillers now used for the phenolics to give the same strengths but with
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better heat resistance. Pyrrone foams have also been fcrmulated that, aince
they are heat insulators, might be even better protection for handles than the
filled pyrrone moldings (ref. 108). These should be more comfortable and

safer to use than the current handles.

Soft Goods Applications of Composites

Soft goods, such as drapes, carpets, bedding, upholstery, etc., can all
benefit from the fire prevention work done at NASA Houstor Manned Spacecraft
Center. A number of fibrous materials were investigated to determine their
fire susceptibilities, either when used alone or in combination with other
materials. These fibrous materials were to be used as components of space
suits, support straps, various types of flexible containers, papers, seat uphol-
stery, etc. (refs. 91, 94, 96). Many of the developments cited in the references
can be directly applied to household usage.

One such development is a proprietary European process, called Proban
(ref. 96) which has been used to make fire retardant woolen upholstery in
European aircraft. This process can be applied to drapes, upholstery, and
some typ. of wool carpeting. Polyamide (nylon) fibers that are nonflammable
in air have also been developed. These nylon materials woven into fabrics
and coated with nonflammable fluoroelastomers have been made into artificial
jeather-like. nonflammable products that can be used for all types of upholstery
applications. A number of other, somewhat more expensive, fibers are also
described in the references. These include Beta glass fabric, which consists
of extremely fine glass fibers, woven into fabric and coated with TFE Teflon

for improved abrasion resistance; Kynol, a phenolic type of fiber with very
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high temperature resistance; and polybenzimidazol fibers, also for high
temperature use.

Nonflammable blankets, pillows, and mattresses can be made using the
fibers mentioned above and coating materials. Special fire-resistant clothing

for industrial or fire-fighting use is discussed in Chapter 8.
RECREATIONAL ITEMS

There appear to be no specific advantages to the use of composite materials
for indoor recreational items. For outdoor applications, however, there are
a number of applications in which the factors of high strength and/or light-

weight can be used to definite advantage.
Small Outdoor Recreational Items

One of the first commercial applications for fiber- reinforced composites
is sporting goods. Graphite filament-reinforced epoxy golf club shafts
have recently been developed (ref. 186). The graphite fiber-reiniorced shaft
is reputed to be lighter than metal ones, and by proper orientation of the fibers,
it more efficiently stores energy during the swing for release to the ball on
impact. Table XXIV presents a compariscn of the weight and cost of a graphite
shaft, a fiberglass-graphite shaft, and a steel shaft.

Other graphite fiber-reinforced sporting goods companents available com-
mercially include archery bows and tennis racquets, shown in figure 37
(refs. 5, 187). Skis and ski poles are reported to be in the developmental

stage (ref. 5). Great Britain has produced graphite-reinforced oars for the
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TABLE XXIV.— COMPARISON OF COMPOSITE VERSUS
STEEL SHAFT GOLF CLUBS

Weight Cost of
Type of Shaft (ounces) Club
100% graphite shaft 2.6 $100
80% fiberglass - 20% graphite shaft 3.7 25
Steel shaft 4.5 20

T TN

e v 0 &gt b o A

Figure 37.— Carbon-epoxy reinforced tennis racquets and
archery bows and arrows. (from ref. 5)

(Reprinted by permission of Penton Publishing Co. )
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Figure 38.— Graphite reinforced oars. (from ref. 188)

(Reprinted by permission of the Society of Plastics
Engineers. )

British Olympic rowing squad. These oars, illustrated in figure 38, are 30%
lighter, 10% stiffer, and have 25% less side face area, which acts to reduce wind
resistance to a considerable degree (ref. 188).

Pole vaulting poles made from custom-ordered blends of graphite and
fiberglass will undoubtedly be used soon. Such blends are necessary to achieve
special properties of resilience and weight distribution for each individual.

Camping equipment is a field in which fiber-reinforced materials can be

used in a number of applications. These could range from back-pack frames

to tent poles and even ax handles, in short, to any part carried or transported

that would benefit from weight reduction with no loss in stiffn:ss. Laminated
composites can also be of considerable benefit applied to camping equipment.

Fiber-reinforced Mylar or polyethylene could well be used in the production

of extremely lightweight tents and shelters. Alternate layers of metallized
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film and very thin, lightweight fabrics car be combined into blankets that give
2 high degree of thermal efficiency with very little bulk or weight. Such blankets
are currently being marketed.

For the camper and/or general user, graphite fiber or blends of graphite
and glass fibers could be combined to give very light and strong fishing poles.
Such poles can have varying degrees of stiffness and can be considerably
lighter in weight than fiberglass. They could bring about as much of a revo-
lution in fishing poles as did the change from bamboo to fiberglass poles.

A new fiber recently introduced by the DuPont Co.. PRD 49-1, has a
modulus of 22 million compared with graphite's 50 to 75 million. The fiber is
also approximately 25 percent lighter and. at the time of writing, is tppreﬂmtuly
a half to a third the cost of graphite fibers. It is to be expected, then, that
this fiber will be extensively used in many applications now gspecified or con-
templated for graphite fibers. This fiber appears particularly suitable for
consumer items because of its relatively low cost. Ref. 45 and Chapter 2

further discuss the PRD 49-1 fiber.

Large Recreational Items

One recreational item in the United States and a utility item in many
parts of the world is the bicycle. As a recreational item there would probably
be a ready market for a bicycle with a frame of high modulus-epoxy reinforced
aluminum tubing, if the weight reduction were high enough. Weight reductions
of as high as 50 percent might be achieved in frames using fiber reinforcement
of aluminum tubing, as detailed in Chapter 2. Similar weight reductions might

also be achieved in rims and handlebars by the use of the hybrid composites.
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A major advantage of hybrid construction, in addition to weight savings, is

the facility with which joints can be made. This factor could lower costs
compared with the all-fiber composites. Specific details on truss fabrication,
including bonded joint design, have been published and should be directly appli-
cable to bicycle frame design (ref. 15).

Another field for composite application to large recreational structures
is boats. In boats, the weight savings in graphite or boron-reinforced alumi-
num booms and masts can well justify their construction, particularly if the
boat is used for very special events, such as the America's Cup competition.
Usually, for such an application, .cost is a secondary consideration compared
with perforinancc. For the kv’rerage citizen's boat. however, the hybrid
composite, in which high modulus fibers are combined with a metal structure,
should result in parts with Ligher strength and stiffness than all-metal or wood
and at costs considerably less than that of an all-fiber composite. Possibly
masts, booms, and spars utilizing PRD 49-1 could be made at reasonable costs
to compete with the hybrid composites.

In addition to the use of fiber-reinforced booms and masts in sailboats,
the sails themselves could be made of the fiber or of yarn-reinforced plastic
films. Such sails should be relatively cheap and light and wouid occupy little
volume when stored in the boat. Another definite advantage of such sails is
their transparency, which should add to safety afloat.

A possible use for fiber-reinforced structures for power boats is in the
construction of hydrofoils. Such parts would be immune to the corrosion
suffered by metal hydrofoils, while at the same time they could be made
lighter and as strong, or stronger, for the same weight. As in other appli-
cations, the hybrid construction might be substituted for the all-fiber con-

struction with an appreciable savings in cost.
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An obvious use for lightweight, stiff, strong structures in recreational
vehicles is the production of wing spars, fuselage stringers, etc., in gliders.
One English glider is being made with a graphite wing spar (ref. 189). Another
such glider is reported being made in Gormany. Here the application of boron
and/or graphite would be used wherever optimum performance was required
and cost could be secondary, as in the design of competition yachts. The
application of the PRD 49-1 fibers to result in lower cost with somewhat lower
performance might well prove advantageous.

Wing. fuselage, and empennage coverings for gliders can be made of the
Dacron fiber-reinforced Mylar or polyethylene films described in Chapter 2.
These films, because of fiber reinforcement, have rip-stop characteristics
that would be necessary for use in a glider application. An additional benefit
is that. as in sail usage ir boats, the films are transparent and allow an
increased field of view. They would thus contribute to safety.

Fiber-reinforced, laminated films could also be used in the construction
of hot air balloons. Currently such balloons are made using coated rip-stop
nylon fabric. Reinforced film should result in a weight saving and a cost
reduction. Ref. 142 gives details about the use of such films in balloon
applications.

The same fiber-reinforced polyethylene or Mylar laminated films could
also be used in the construction of small greenhouses for backyard gardeners,
using just a few sticks or a box and the film. The obvious advantage, here,
in addition to cost is the ease of erecting and dismantling such a simple

greenhouse.
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Chapter 6

Applications of Composites in Construction

The construction industry in reality comprises two industries:
(a) construction of buildings, bridges, structures, temporary shelters, roads,
etc., and (b) construction equipment such as derricks, scaffolds, earth mov-
ing equipment, etc. In both cases, weight saving for aimost all applications,
offers no advantage. On the contrary, because of wind loading conditions, in
most cases the structures must be heavy enough to remain firmly emplaced
during the heaviest of gales. The same is true of most construction equip-
ment. By the same token, since most of the heavy weight materials are
among the cheaper materials, it follows that heavy construction will also be

the cheaper construction for most conventional structures.

BUILDING CONSTRUCTION

The major product of the construction industry is, of course, buildings.
Most buildings are still being built in the traditional way, i.e., by the use of
a wooden or metal framework supporting the flooring, walls, and ceilings.
There is very little incentive, =olely for weight savings, to substitute other
materials for the wooden or metal frameworks now being used for normal
construction. Code restrictions are, of course, another reason inhibiting the
usage of new materials for the framework. Thus, for a number of reasons,
with cost as a major factor, new composite materials appear unlikely to be
adopted for major framework construction in the near future. The adaptation
of materials such as the new ''trip'' steels (transformation-induced elasticity),

which combine high strength and ductility, is assured. However, there area
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number of building components that can be made of composite materials, in

which certain characteristics of the composite can be used to advantage.

Truss Construction

A number of commercial buildings being erected currently depend on various
types of truss construction, either custom made or of modular construction, for
support of ceilings and roofs. Normally such trusses are made of pressed or
rolled steel, aluminum tubing, or wood, etc, as shown in figure 39. Similar
trusses could be made of fiber-reinforced aluminum tubing (refs. 15, 18, 152,
153) or, at a decrease in cost, of hybrid (infiltrated fiber -reinforced metal)
construction detailed in refs. 20 and 21 and described in Chapter 2. The
major advantage in using a composite truss is the longer spans available at
lighter weights compared with conventional materials. Thus, fewer columnar
supports would be needed so that a larger usable floor space could be realized.
The bearing walls could also be made of somewhat lighter construction. The
actual usage of the composite trusses would probably be more dependent on
cost reduction of the component materials than on the possible structural
advantages outlined above. However, if as the result of volume production the
cost of the fibers does decrease markedly, then such applications would indeed

be attractive.

Interior Walls and Doors

Load bearing walls, attached to the frameworks, will probably continue

to be made in the customary manner using metal lath and plaster or dry wall
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Figure 39.- Building truss canstruction

construction with wood or metal trim, Interior partition walla, which are
non-load bearing, however, do use a largs quantity of low coat alunnnum
extrustions or sheet metal structures and (loiares, liere, the tetal aection
is used as a decorative trim and to help xsupport and stiffen the wall, in
general, simple extrusions or formed metals are used for such applications;
however, in applications in which additional stiffness without extra waight or
bulk is desired, then the hybrid construction might well be used. This type of
composite could well be used to obtain the extra itiffness without increaning
the weight excessively (refs. 20, 211,

A great many wall and door constructions usesd aw non-load bearing parti.

tions today are being made of hollow construction in which the interior consists
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of urethane foam. To obtain the optimum in fire retardancy, the urethane foam
could incorporate the type of flarne suppressants developed by NASA (refs. 103,
104). However, it should be noted that, at the time of writing, the flame
suppressants reported 'ave -ot yet been perfected to the point at which there
are 1o toxic gases gencrated during a fire. A very low cost, glucose-based
polymer, which can be foamed in place and which is self extinguishing, has
been reported (ref. 94).

Wsll and ceiling insulation for coid storage facilities and possibly for
housing could be made using the multiple film insulation techniques developed
(refs. 64, 72, 73). Al the insulation methods listed use one type or another
of metalised film layers separated by thin fabric spacers, i.e., the MLI insu-
lation system (see Chapter 2). Variations of this insulation system might also

be used as insulation for hot water pipes, heating ducts, etc.
Floors and Ceilings

No practical, cost effective applications for composite materials in floors
are currently known. Ceilings for temporary construction, such as in unfin-
ished buildings, warehouses, etc., could well be made of polyethylene or Mylar
film reinforced with dacron fibers, such as described in ref. 78. These
materials, ma~”: transparent or translucent, could be used between the lighting
fixtures and the viewer to furnish a source of glare-free, diffuse light, while
at the same time hiding the bare beams, trusses, lighting fixtures, ducts, etc.,
from sight. The films would also act as a ceiling to prevent the loss of warm
air that might take place in a large, high-roofed warehouse or other building

used temporarily for an office building or as an emergency perscnnel shelter,
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etc. The fiber reinforcement in the film would make it much easier to install,

prevent tears from propagating, etc., compared with unreinforced film.

Mobile Homes

Mobile homes are one aspect of construction that can benefit from the high
strength, lightweight products resulting from composite utilization. The
mobile home chassis and framework, whether planned for a permanently
parked mobile home or as a truly mobile trailer, could well utilize both the
high strength and lightweight resulting from the hybrid infiltrated fiber-rein-

forced metal shapes (Chapter 3, refs. 20, 21). Figure 33 illustrates typical

shapes made using this technique.

Fabrication of the side panels, ceiling, and flooring could be made using
honeycomb construction. The honeycomb sandwich might be aluminum core
and facings, paper core with plastic laminate faces, or a combination of one
aluminum face and one plastic face with either a metallic or a non-metallic
core. A number of methods have been published for the fabrication of honey-
comb structures using integral built-in heating systems or easily made heaters
that can be detached from the sandwich after the cure is complete (ref. ).
The use of these systems then cbviates the need for large ovens or presses,
which might be extremely expensive if small quantities of sandwich structure
are required. For applications in which high strength alumiaum honeycomb
sandwich structures are required, methods are available that can be used to
produce large sections by furnace brazing (refs. 101, 190), This technique

requires furnaces with heating ranges up to approximately 1000°F 1838°C) and
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capacities large enough to process full-sized panels. Despite the high initial
cost, such a technique could be very valuable if large quantities of sandwich

structures are required.
Building Equipment

To make a building useful above mere shelter, the structure must be
supplied with all the additional components and equipmert that are considered
necessary for modern building construction. These include plumbing., heating,
and lighting equipment as a minimum. To be truly modern the building should
include air conditioning and, if over two levels, elevators. '

lebin!ﬁequipmom.- With regard to conventiona! pipes and valves used

in normal plumbing installations, it is likely that composites can be economi-
cally utilized, compared with currently used materials and parts. Large
noncorrosive liquid storage tanks can be made by the technique described in
ref. 35. In this method, circular sections of fiberglass-epoxy (or other
composites) can be made as separate sections or on a continuous, spiral basis.
The sections or spirals can then be bonded together to form tanks or pipes up
to 20 feet in diameter.

A low-cost insulation system for pipes conveying cryogenic fluids has
been devoloped (ref. 76). This system, utilizing aluminized fiberglass tape,
cork, Mylar film, aluminum foil, and adhesive, is not quite so efficient as

a vacuum jacket system for pipes but is considerably cheaper from both

material and installation standpoints. Figure 36 in Chapter 4 shows the system,

which is recommendzd for both temporary and permanent installations. The
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cost is reported to be approximately 1/10 the cost of a vacuum system, and
the efficiency is approximately 1/20 that of a vacuum ja ket system.

Large, manually controlled valves can benefit by the use uf TFE Teflon
to reduce friction on the rotating or sliding surfaces. A technique for joining
steel to a TFE-Teflon-bronze composite has been published (refs. 82, 183).
The techr que is based on diffusion bonding using copper granules and is
reported to be faster and to give better bonds than previously used adhesive

bonding.

-t -

Air corditioning and heating.— Ducts used solely for air conditioning,

particularly for temporary use, could well be made of laminated films insu- l
lated with some of the film multilayer insulations described in Chapter 2,
The ducts could be made very simply as tubes, supported at intervals by thin
wire rings. Permanent ducts for both heating and air conditioning could be
made using the Drostholm continuous filament winding process to make the ]
ducts (ref. 136). However, instead of the epoxy or polyester resins usually
used in this process, the NASA -developed pyrrone resins might be used, pro-
vided that the costs were lowered sufficiently. These resins, described in
refs. 169, 31, 172, show good strengths up to 400 to 700°F (204 to 371°C) and
can be utilized as laminating resins or as foams (ref. 108). Similarly, polyi- !
mide resins could also be used for the same applications, when costs are
lowered (refs. 175, 191). The specific advantage of such ducts over metal l
would be the elimination of both corrosion and aleo the noise accompanying
thermal contraction, expansion, and vibration of metal ducts.

Lighting.— The use of laminated film to act as a light diffuser has already
been mentioned. Another use for the films is in temporary constructions in

which the film could be used as a windbreak in inclement weati'er, at the
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same time allowing light to be admitted. The fiber reinforcement again acts
to strengthen the films considerably, especially against rips and tears that
would occur in fillm normally exposed to the wind.

Elevators.— Building elevators are one aspect of construction in which
lightweight composites can be utilized. By usiag aerospace techniques, e.g.,
honeycomb construction or graphite-reinforced lightweight floors and walls,
considerable weight could be saved over conventional steel elevator car con-
struction. This weight saving, translated into power savings, could be
significant over a long period of time. Again, for such weight savings to be
truly practical, the cost of the materials, i.e., the fibers, honeycomb, etc.,

will also have to be reduced considerably.
NON-BUILDING CONSTRUCTION

Mon-building construction in which composite materials could be utilized
includes construction equipment, bridges, and such miscellaneous items as

antennas.
Construction Equipment

Construction equipment, ranging from simple devices such as ladders and
catwalks to more elaborate equipment such as derricks, cranes, scaffolds,
etc., can all utilize fiber-reinforced composites, since in almost all cases the
equipment is portatle and, in many cases, also mobile. Structures such as
ladders, scaffolds, etc., can be made using special extruded or formed shapes,

such as are shown in figure 33, in which the metal is reinforced with fibers
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that are resin infiltrated. This hybrid construction could also be used to make
much larger structures such as derricks, cranes, etc. (refs. 20, 21, !58).
An example of an extremely, low-weight, high-strength structure of fiber-
reinforced tubing construction is given in ref. 141. A truss, 15 feet high, is
described which is made of eight graphite-fiber -epoxy reinforced tubes (fig-
ure 40). The total weight of the truss is approximately 80 pounds. Each tube
is capable of supporting a 20, 000-pound compression load. Such a structure,
while currently very costly, would appear to be ideal for emergency airborne

eguipment, airborne oil exploration, etc.

Figure 40.— Graphite composite
support truss. (from ref. 141)

(Reprinted by permission of Hercules, Inc.)

Miscellaneous

Bridgec, using standard metal truss construction and erected for tem-
porary use, can benefit from use of hybrid components, since such lightweight,

high strength parts can be easily removed and transported after the necessity
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is over. A number of types of hybrid construction have been reported (refs. 20,
21). The theory of hybrid structures, materials selection, and basic structural
design has also been reported (ref. 158). Bridges erected for permanent use,
however, must meet the same type of windload requirements as buildings.
Thus, there isno real reason for lightness, and in many cases, light weight
might not be desirable, irrespective of the fact that light weight also might
mean ''very costly."

An example of large non-building structures that can benefit from the
lightness and stiffness of a graphite-epoxy composite are antenna reflectors
of the type used to communicate with space TV relays, spacecraft, etc. In
addition to the desirable characteristics of lightness and stiffness, the
graphite-epoxy composites also have a very special characteristic of a near-
zero coefficient of expansion. Thus, such a structure as the Goldstone antenna
reflector (figure 41) or the Jodrell Banks reflector would maintain its curva-
ture (and accuracy) during temperature extremes much better than if made of

conventional aluminum or steel construction (ref. 192).
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Figure 41.— Goldstone tracking
antenna. (from ref. 192)
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Chapter 7

Applications of Composites in Machinery

Materials strongly influence many parameters in the design formula of
almost every kind of machine, from machine tools and business machines to
textile and food processing machinery. Such parameters would include func-
tion, durability, reliability, weight, appearance, cost, and producibility.
The search for materials that fit the formula with ever increasing perform-
ance is endless. The versatility of composites suggests solutions to many

problems and offers performance improvements in maay design parameters.
VIBRATION

Rotation machinery cannot be preented from vibrating altogether, but
excessive vibration can be very harmful. The consequences can range from
undesirable noise to complete destruction of the equipment. Machine tools
for cutting metal are also subject to vibration because of the intermittent
loading in many types of cutting operations. Quite cften the cause can be
structural resonance; that is, certain parts of the machine, or the entire
assembled machine, may have a resonant frequency near the operating speed
or some low multiple of the operating s, eed. The vibration may be reduced
by changing the resonant or natural frequency of the part or assembled
machine. This process can be accomplished by changing mass, mass distri-

bution, or stiffness. The frequency is related to mass and stifiness by the

. . stiffness
resonant or natural frequency is proportional to “rass
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Therefore, to increase the resonant frequency above the natural frequency of
the exciting device, the stiffness of the machine structure should be increased
or the mass reduced. Both of these can be accomplished by a process devel-
oped for NASA. This method consists of infiltrating lengthy hollow areas
(generally holes) in metal structures with boron fiber/epoxy resin composite
material (refs. 4, 21). Details of this infiltrating process are discussed in
Chapter 2. Heavy metal, removed from the vibrating machine by drilling
holes in strategic locations, is replaced with lighter, stiffer composite
material. The replacement satisfies the frequency equation; the resonant
freqnency is increased, and the harmful vibration is eliminated.

Annther approach to the vibration problem is to include boron fiber/
epoxy resin composite or boron/aluminum composite in the original design.
These materials have a specific modulus three to five times that of high
strength steel and would provide a greater margin of freedom from the
possibility of resonant frequency vibration. In addition, lighter weight
machines would be easier to move and cost less to ship, thus offsetting the
cost of the composite materials. Details of other forms of structural compo-
sites suitable for use in machinery are presented in Chapter 2. Among these
is a lower cost hybrid concept that combines boron/epoxy composite with

sheet metal forms (ref. 20).

LUBRICATION

In machinéry almost every type of sliding motion can be found, each of
which requires some form of lubrication. In most applications hydrodynamic

lubricants {oils, greases) can be used. These are not always convenient or

144

*":‘-—— e A e

[ g E
. o

N

T

IR T PrRn e TR o



rmpn s prngmats. P e
. . .

o ]

.,
Nopostrm vt

presu— e
b et

RO e

et

r '1«"0'

feasible to use; consequently attention has been directed to solid lubricants
which have been gaining popularity in recent years. Solid lubricants possess
several good properties: stability at extreme temperatures and in chemically
reactive environments, light we.ght, and simplicity because oil recirculating
systems are not needed and fewer seals are required.

Gas turbines for generating power have operating efficiencies proportional
to operating temperatures. Temperatures above 1500°F (816°C) and approach-
ing 1800°F (982°C) are becoming common. Turbine shafts have greater dynamic
stability when bearings are more closely spaced. Consequently, turbine
shaft bearings must operate at very high, ever increasing temperatures.

Seals for these bearings are necessary to exclude oxidizing hot air and cor-
rosive gases. Solid lubricants are good candidates, but materials more
thermally stable and resistant to oxidation than commonly used graphite and
molybdenum disulfide (MoSz) are required (ref. 119). NASA has recently
developed new solid lubricants with long term oxidation resistance at 1500°F
(816°C). Friction coefficients at 80 to 1700°F (26.7 to 927°C) are only slightly
higher than that of MoS2 at lower temperatures (ref. 118j.

Bonded solid lubricants have the disadvantage of finite wear life. High
pressure sliding contact is common with meshing gears used in many machine
tools. Consequently, solid film lubricants are not suitable for gear teeth.
Yet, it would be desirable to eliminate oils or greases because of their need
for maintenance and costly lubricating systems.

A new permanently lubricated gear has been developed by NASA (ref. 183).
The gear is machkined from a laminated blank corsisting of layers of bronze
powder-filled FEP Teflon bonded to steei in a sandwich construction as shown

in figure 42. The bonding method is also a NASA development (refs. 82, 83).
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Figure 42.— Self-lubricated laminated gear. (from ref. 183)
The Teflon supplies a minute layer of lubricant that is automatically replaced
as the metal wears. The system is especially effective at high tooth pressure
and low rotation speed.

Another potential use for the new Teflon laminate is on machinery with
exposed gears or mating parts, such as the feed screw on a horizontal lathe.
The screws are usually coated with grease which attracts dirt and can soil
clothing of the operator. If the half nuts that engage the screw were made
with the FEP laminated construction, no messy lubrication would be required.
Other possible uses for this construction are journals and pistons in dry
cylinders, as shown in figure 43.

With textile machinery, lubrication of machine elements that are exposed
and adjacent to fabric is a problem because of the coantamination risk. Oils
and greases are too risky, and solids containing black lubricants may flake
or produce dust. Graphite is a good lubricant, but the color is objectionable

in case of contamination. However, a white graphite has been reported by
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Figure 43.— Piston and journal applicaiions for self-lubricated
steel -Teflon lamination.

NASA. Actually it is a graphite-fluoride, pure white, with the lubrication
qualities of Mosz. and usable from sub-zero to 900°F (482°C) (ref. 163).

Of course, a contaminated black cloth is still a problem.
WEIGHT REDUCTICON

Cost savings and increased portability often benefit from weight reduc -
tion. Lower weight moving parts require less power and thus allow usc of
smaller, lower cost motors. The cascading effect often continues throughout
the system. Increased portability can contribute to versatility and can reduce
shipping and installation costs.

Advanced fiber-reinforced composites substituted for heavy monolithic
metals can save weight because of the higher specific strength and stiffness
of the composites. Properties of many of these materials are presented in

Chapter 2.
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Power transmission shafts are an example of an application in which
composites could cffect an imiportant weight savings, In a recent study
(ref. 5) of lighter weight replacements for an aluminun: shaft, tmo shatts
were constructed, one of boron fiber/epoxy resin and one of yraphite fiber/
epoxy resin, Performance requirements were an unsupported shaft length
including end fittings of 97.25 inches, an ultimate strength of 20,000 lb. -in.,
and a minimum first critical speed of 5,200 rpm, The resulting boron fiber
design was 5 inches in diameter with a wall thickness of 0,052 inch and a
weight of 5.3 pounds for each shait,

Three tubes placed end io end with {istings and bearing supports between
made up the entire drive shaft system. The aluminum shaft system required
two additional fittings and bearings. The overall weight saving of the boron/
epoxy vs. the aluminum shaft system was 30 percent. It met all performance
requirements. Additional weight saving was achieved with a graphite fiber/
epoxy composite tube. These tubes each weighed vne pound less than the
boron {fiber tubes.

Other machine elements could be reduced in weight by using advanced
composites of the type developed by NASA, [na recent study of a load bearing
gear case (ref, 182), a cover made of a boron-fiberglass/epoxy resin compo-
site (figures 44 and 45) weighed 4.3 pounds less than the original 32.9-pound
magnesium cover. Analysis of a proposed graphite/epoxy composite cover
estimated an 11. 3-pound tctal saving. The composites also had superior

corrosion resistance.
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Figure 44.— Internal view of composite Figure 45.— Front view of
gear case. (from ref. 182) composite gear case.
(from ref. 182)

STRENGTH/STIFFNESS IMPROVEMENT

Occasionally, a need arises to upgrade the performance of an existing
machine. This modification usually requires strengthening and stiffening the
structural elements to support increascd loads, either static or dynamic.
Eecaus> most machines have metal structural elements, refurbishing requires
replacement or reinforcement with more metal, which is often difficult to
apply and which adds substantial weight. The added weight may require more
svbstantial supporting structure, which further increases cost. In addition,
the resonant frequency of the machine may be decreased to a point at which
vibration is objectionable, if not harmful.

Fiber composites can be useful here because of their exceptionally high
specific stiffness and strength. In addition, the fiber/resin composites are

relatively easy to apply. NASA has developed techniques for enhancing metal
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Chapter 8

Applications of Composites in Biomedicine and Safety

A Lost of new materials that hold great promise for the medical and safety
cngineer has heen developed as a by-product of NASA's space program. One
4f the 1noet promising groups of these materials is the cornposites. The high
sirength and stiffness characteristic of some of the composites have been
whlcd Ln a mlmbcr of important apphcatxons identified by NASA engineers and
liemcﬂcﬂ Awttcltica Teams (ref. 193). Other apphcahons utilize the fire
rmm. Mﬂ of lp-eht k&iet. the iandtm properties of ccmposita
concepls have been supported by still ofncr investigators (ref. 194). For
emample, a very effective prosthetic device can be made from carben fibers in
an epoxy resin matrix, which, when coated with carbon, is viocompatible
iref, 135). In another example of a by-productof space research, layers of
flatnepraof cloth and metallized fabric developed for the Apollo Program have
been combined into an exceptionally fire-resistant and lightweight fireman's
suil,

Some of the exciting possibilities for application of composites in bio-
micdicine and safety are:

e Fiber Reinforced Composites — Artificial limbs, harnesses and
braces, heart valves, artificial bone, implant devices, helmets,
dental restorative materials, and fireproof materials.

® Laminar Composites — Impiant materials, thermal insulating blankets,
and fireproof clothing.

® Skeletal Composites — Implant material, orthotic cushions, and pads.

. Particulate Composites — Dental restorative materials, surgical

implants.
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EXTERNAL PROSTHETICS

The largest number of lost limbs ar- due to wars and industrial and
automotive related accidents. There also cxists a large number of physically
defective infanta, born either without Jimbs or with severely deformer limbs,
Infants born without arms or legs and children and adults deprived of limbs
through disease or accident face a common physical-psychological problem.
Engineering-medical research teams have been trying to alleviate the problem
by developing ingenious prosthetic devices that resemble human limbs and
function like them. Harnesses, artificial limbs, and orthotic support devices
have been developed, improved. and made more aesthetically acceptable by
the incorporation of new ideas and composite materials derived from

government-sponsored aerospace research and development programs.

Harnesses

Harnesses are required for the attachment and support of artificial
limbs. Early harnesses were made of impervious materials, such as
stecl-reinforced leather, which restricted normal dissipation of heat
and moisture, and were also quite heavy. For example, a conventional
Oxford arm harness for a child nine years old weighs over 4 pounds.

Research personnel at Chailey Heritage of Chailey, Sussex, U.K., were
able to reduce the weight of the harness to less than half a pound by the sub-
stitution of graphite-fiber-reinforced plastic for steel (ref. 196). Sucha
harness was easier to make than ii)> conventional Oxford arm harness, and

the composite harness is more comfortable and easier to maintain. The high
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specific modulus and strength of carbon-fiber-reinforced plastic (CFRP) made
this material attractive for the application. The Chailey tlarness, as described
by Ring and Benford, is a simple pulyester resin-graphite fiber lay-up on a
polyethylene foam coated plaster-of-Paris cast of a child's torso. The feamed
polyethylene serves not only as a imold for the reinforcement but also as per-
manent internal flezible pad to ensure user comfort, Figure 46 shows how the

polyester-graphite is laid as a reinforcement into channels in the polyethylene.

Figu~e 46— Polyethylene strips nailed to a
plaster-of-Paris cast for an artificial
arm harness. (from ref. 196)

(Preprinted by permission of Chailey Heritage,
Craft School and Hospital, Sussex, England. )

Each harness produced has differcnt strength characteristics because it is

shaped to different body configurations.
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The successful application by Ring and Benford of graphite fibers to a
child's l.arness, and the continued development of even more advanced fibers,
make it possible to envision even lighter harnesses for other appendages.
Work at NASA Langley Research Center on high modulus graphite fiber-epoxy
and boron fiber-epoxy tubes, rods, and similar parts will also be directly

applicable to these devices (refs. 15, 152).

Artificial Limbs

Artxﬁchl limbe are made from a vnrim of materials, includia; wood,
" lightweight metals, reinforced plastic, and various steel alloys. Stainless

steel, however, has become the preferred material for supporting devices
bccauoe of its duralility. &ependability. and structural properties. Steel-
reinforced artificial hands. arms, legs, and feet have been extremely helpful
in rehabilitating the amputee, the paralyzed, the neuromuscularly weak, and
the padient who has birth defect anomalies. The bulk aad weight of these
steel devices, however, present a considerable problem, particularly to
patients with ncuromuscular weaknesses.

NASA has developed a variety of hybrid composites for aerospace applica-
tions consisting of boron, graphite, and glass imbedded in a matrix of epoxy
resin (ref. 193). Excellent structural properties and low weight make the
cured composites a good replacement for steel. They can be readily con-
toured to a patient's shape which is an advantage that facilitates fabrication,
reduces fabrication costs, and improves user acceptance. These composites

hold great promise for solving the weight and bulk problems of current
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artificial limbs and leg braces. As projected price reductions are realized,
greater commercial exploitation of composites in prosthetic devices can be
expected.

[n recent years, plastic laminate composites supplanted leather in the
construction of artificial limb sockets. While the plastic laminated sockets
did not degrade with use as the leathe~ ones had done, they were impervious
to water vapor, and sweat accumulated, which became a source of discomfort
and irritation to the amputee. Drilling holes in the laminate to eliminate this
condition destroyed the continuity of the reinforcing fabric and greatly reduced
the structural soundness of the prosthesis. To overcome the loss in socket
strength, a new approach to making porous plastic prothuses was investigated
with considerable siccess. This new socket consisted of an outer layer of
knit Banlon (stockinet of tubular knit jersey, 5.4 oz/ydz», three layers of
knit nylon (stockinet, tubular-rib-knit, 9.4 oz/ydz), and another layer of
Banlon (ref. 197). Each layer of fabric was impregnated with epoxy resin
and heat cured under light pressure. The new socket was developed to obtain
adequate structural properties, excellent long-term stability in perspiration,
and low weight, and the capability of being washed with soap and water (ref. 197,
Patients using the improved socket reported reduced perspiration, added

comfort, and a decrease in skin problems (ref. 198).

Orthotic Support Devices

A wide variety of orthotic support devices has been developed to meet
the needs of a large patient population with neuromuscular and skeletal dis-

orders which impair or completely inhibit the function of a hand, a wrist,
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or an entire upper extremity. The ability to oppose the thumb to the flexing
fingers may be lost. In these instances, various types of orthotic systems
have been produced to prevent or correct deformities, to restore functicn, or
to accomplish all three. A key feature of these systems is the stabilization
of the thumb in opposition to the fingers.

Typical of these assistive devices is the Engen Plastic Hand Orthosis
(ref. 199), which in its simplest form consists of a polyester resin and nylon
laminate shell that is prepared with vacuum molding techniques. This short
opponens orthosis (figure 47) is then tailored to fit the patient's hand. During
the evolution of this device, larger, complex units were developed to remedy
more involved skeletal disorders. These larger devices relied on steel and
wood braces and were heavy and bulky; patient acceptance was difficult. [t
appears that the NASA -developed composite, discussed earlier for application
to artificial limbs, could also be used to advantage here to lighten the device
and reduce its bulk.

NASA -sponsored research into thermal insulating systems and cushioning
devices resulted in the development of two unique foam materials that have
been used in rehabilitation centers and medical centers to improve patient
care and comfort. One was a polyurethane foam material being used at
NASA's Ames Research Center to counteract crew seating discornfort asso-
ciated with long space flight (ref. 193). The foam possesses unusual tempera-
ture and compression rate properties which allow the material, under high
local pressure, to flow until a soft uniform supporting pressure is exerted

across the entire body (figure 48). This unique foam is now being used as bed
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Figure 47.— Two views of the short
opponens orthosis. (from ref. 199)
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Figure 48.— Polyurethane foam material: (1) under
the influence of a patient's local body heat, the
foam produces a local cushion flow to provide
fitted, uniform support to aid in prevention of
decubitus ulcers; (2) the foam possesses unique
compression rate sensitivity. Its fluid-elastic

properties assure a comfortable flow-fitted
support, with hard high-pressure points
yielding into soft low-pressure
uniformity. (from ref. 193)

pads, cushions for wheel chairs, linings for prostheses to prevent tissue
damage, and padding for joint bender splints.

In another case, NASA technology (ref. 193) was used by physicians at
a rehabilitation center to provide immediate relief for patients from pain and
discomfort by rapid fabrication of foamed orthotic devices, such as arch sup-
ports (figure 49). The entire process from foaming the arch support to plac-
ing it in a shoe takes oniy i0 to 15 minuies. Indications are that the foam-in-
place material could prove to be an effective, economical means for providing

immediate custom-fitted temporary orthotic support aids for a variety of

medical purposes.
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Figure 49.— Foam-in-place arch supports: (1) arch
support foamed to the contour of the patient's
foot; (2) free foam arch support trimmed
to fit patient's shoe; (3) trimmed arch sup-
port ready for insertion into shoe;

(4) arch support in place in shoe,
ready for immediate use.

(from ref. 193)
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INTERNAL PROSTHETIC DEVICES

Ma:erials used for internal prosthetics must satisfy two nrimary
requirements: (1) they must be compatible with the tissue and body laids,
and (2) they must have the mechanical properties needed to perform their
functions. Compatibility of an implant implies that it will cause minimum
disturbance of tissues and fluids and, conversely, that the tissues and fluids
will not significantly degrade it (ref. 200). In general, materials considered
for use as implants are highly inert chemicaliy as well as having the requisite
mechanical properties. Metals, some plastics,and ceramics have been used
with varying degrees of success (ref. 201).

Fiber-reinforced polyester and epoxy materials are attractive, since
tailoring the proportion of fiber reinforcement can produce bone-like mater-

ials with moduli of elasticity closely approaching that of natural bone

(3 x 10° psi) (ref. 202). Metals, on the other hand, have moduli of from 15

to 30 x 10° psi.

Orthopedic Devices

For convenience, orthopedic devices may be considered in two classes:
fixation devices and prostheses. Fixation devices are used to hold bone parts
in place until healing has progressed to the point at which such support is no
longer necessary. They may be removed six to 18 months after implantation.
Prostheses are used to replace parts that either are not expected to grow or
have been removed because of birth defects, disease or accidents. Since

such devices must serve for the remaining lifetime of the patient, material
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and design requirements are stringent,  Fogure 50 illustrates a typical fixation

device, and Heure 21 shows a tygncal prosthetic device cref, 2ot Both o llus
trati s refer to metal parts made of stainless steell tanmn o cast cobalt
allos

Figure 50.- Positioning of intra-
medullary pin to hold a fractured
thigh bone (femur) during heal-
ing. Such pinsg must be compat-
ible with the body, have a shape
that will hold the bone parts in

c S place during twisting, have a
% Pineafivyidrand length and cross section ade-
i quate for the application, and
i provide strength against com-
ie E pression, bending, and tursion,
~ ; ComEoEr The threaded end at the top
i allows attachment cf devices
12 for insertion and withdrawal of
: 2 0 the pin. The diamond-shaped
' Hansen-Street pin is illustrated.
EUNTICHER Cross sections of other pins are
shown in the inset. (fromref. 200}
HANSEN-STREEY

Figure 51.— Prosthesis replacing head and neck
of femur. Such devices are implanted when
the head and neck of the bone are badly dis-
eased or broken. In addition to proper di-
mensions and adequate strength, the devices
mus. have a smooth surface on the h.ad,
which fits into the acetabulum of the pelvis,
as part of a ball and socket joint. (from
ref. 200)
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field of implantable sensors may well e used o niniiace thes effect. 1o
reference 204, data are given on compogite coatings used urer epoXxy encapsu-
lated sensors. These coatings consist of a wax layer, covered with a vinyl
lacquer over which an additional coat of silicune rubber is applied. Figure 52

illustrates the use of this coating system with objects to be implanted (ref. 204,

SENGOR (PRESSURE CELL)

T SILASTIC CABLE (AFTER WAES ARE %
v AACE THE CABLE S FILLED WaTH

GAX COATING 15 THEN S0LO SLASTIC WITH wiR€S
TYOON OF Wrin MBEDDED ™ IT)
SLASTIC OUTER

COATING

MAGNE TIC SWITCH @

— P i ;
SATTERY
METAL ENCLOSED WOUSING

FILLED WWTh waAX

OGE DAL ANCE
PEMISTORS

WHES ANCWORED
Wit EPOXY

. TYGON COATING
WATH SILASTIC
QUTER COATING

HERMETIC  ANTENNA
CASE  waX SEAL

Figure 52.— Composite coating for implants which are
subsequently encapsulated. {from ref. 204)

Coatings might also be useful with all types of metal implants to prevent
or minimize corrosion. Corrosion can occur, for exampie, as the result of

attack by body fluids (ref. 205). The wax, vinyl, silicone coating sy -tesn
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tantalum pui material might'bc' the use o;;romclfuii"

might be used here to protect the implant. Another source of attack on metals
ia the piezoalectric effect of bone. This effect comes from a small current
generated by movement of the bone. Corrosion caused by the current. releases
ions into the bone tissue that destroy local bone cells and cause the metal
implant to loosen (ref. 200). A dielectric coating would minimize the effect
of electric current on the metal device.

Tantalum has had a long history of use as surgical implants because it is

inert in the body. It is an extremely ductile material thet can be drawn into

wire sutures, made into gause for abdominal wall repairs,;and used as a

(Ni-Cr alloy) wir
coated with polytetrafluoroethylene. This material, developed for use in

Apollo-space suits, may be”cogyi,dcr:ably stronger and just as ductile and soft
as the tantalum gauze and would have adequate bxocompatxbzhty Siﬁce 4tlﬁe“
material is in the form of gauze, it would undoubtedly bond satisfactorily with
the tissues (ref. 208). A recent NASA Lewis Research Center development
consists of a technique for production of a high-strength tantalum composite
made up of tantalum sheet and fibers embedded in a matrix of tantalum powder.
Rolling the mixture to very high levels of reductions resulted in material
which had almost twice the strength of the original tantalum (ref. 209).

The application of newly developed, special '"superalloy' coatings might
provide improved corrosion resistance. These coatings, developed under
NASA spoascrship, contist of several types of composites based on cobalt-
chromium -aluminum -yttrium systems applied to the substrate by electron-

beam vapor deposition. Considerable increase in oxidation resistance was

found (ref. 210).
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carbon, would be to make a composite of zircontum or sirc Galum oxide particies

mixed with the carbon precarsor hefore it is fived o the vitreouy stats:. Work

soradf

done at NASA Lewis Research Center by C.P. Blankenship indicatas that s

Since the zirconium oxide will withstand temperatures up to at lesst 3497°F

- (1925°C), it would undoubtedly satisfactorily withstand the high-temperature

4
pyrolization required to make the vitreous carbon. Animal implantation werk Y
has been done using zirconium with satisfactory biocompatibility cref. 2uin. .

Nonorthopedic Devices {

There are a number of implantable devices that are used fur nonurtho
pedic purposes. Possibly the best known of these are the various heart
valves, which are fabricated with a variety of materials. Figure 53
shows two types of thesc valves, differing mainly in the type of clo~
sure (ref. 212).. The valves consist of metal alloy {Vitallium} struts
and a silicone rubber ball filled with barium sulfate for radiopacity.

G EEeds. - da

A Teflon-polypropylene composite fabric and a Teflen knit-fabric covering .7
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the strut are also used. A graphite-pyrolytic graphite camposite disc forms




(a) (b)

Figure 53.— Flow patteras of Starr-Edwards (a) and
Kalke- Lillehie (b) valves in aortic position.
) ‘ Note free central and lateral flows with
the (b) prosthesis. {from ref. Z212)
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the valve closure on the Kalke-Lillshie valve. The Teflon fabrics developed
for “shirt-sleeve” coversll garments under the Apollc spacesuit mentioned by
Radrovsky of NASA Manned Spacecraft Center (ref. 208) may well be used for
these applications. In addition, vitreous carbon is reported to be under
investigation as a material for the sealing ball and possibly for the disc seal

tref. 195).
OTHER BIOMEDICAL APPLICATIONS OF COMPOSITES

Inflatable Splints

Fpoac ks

The G.T. Schjeldahl Company, under NASA Langley Research Center
sponsorship, has developed a numbcr of reinforced films, such as Mylar
reinforced with Dacron and glass fiber yarns. Such films can be used for

fabrication of balloons and other inflatable structures and assemblies that

LA
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can withstand considerably ¢ ‘cater tensile loads than those made from con-
ventional nonreinforced films., These reinforced filims can be used in inflata-
bie splints. These splitts would he made as simple cuff-like tubular struc-
tires which, aft. v inscrtion of an arm or leg, could be inflated to maintain
the limh in a rigid position. Figure 54 shows the way in which such a splint
might be applied.  The specific advantages of inflatable splints would be light
welght, very small size, and casy portability. The latter characteristic
would make them particuiariy attractive for emergency use by ski patrols,

paramedics, etc. The cost should be nominal.

L
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Figure %4.— Inflatable splint concept.

Emergency Blankets

The development of metallized film, particularly aluminized Mylar, for
heat irsulation has been greatly aided by NASA sponsorship. The metallized
fil is currently being exploited by sporting goods companies in the manufac-
ture of '"space blankets''. These blankets are simply thin (0. 001 irnch thick)
radiation shields that reflect body heat. Because they can be very com-
pactly packaged, they should be useful as emergency blankets by ski patrols,

paramedics, etc.
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\etallized film can also be arapped around an iriured arm or leg to
control the loss of heat, The inflatable splint described can also be metallized

if retention of heat is desired,

Plastic Foarn Splints

A permanent type of splint can also be made very rapidly from a combi-
nation of the tubular films and a urethane foam-in-place material. In such
an application, the foam materials, after they are mixed but before they are
foamed, are injected into a double tubular cuff around a limb. In a very short
period of time, a rigid splint will form. The formulation used for such a

rapid foam reaction can be found in ref. 213.

Cryogenic Insulation

In connection with work on cryogenic fluids, the AEC in coniunction with
the NASA Space Nuclear Propulsion Office has sponsored work on development
oi inexpensive, cryogenic insulation systems. Thus simple, inexpensive
cryostats are now available for use by amall hospitals, research laboratories,
and other organizations that do not normally use cryogenic fluids in large
quantities. These cryostats (see Chapter 3, figure 35) have insulation made
cf commercially available materials such as cardboard, aluminized Mylar,
corkboard, and aluminum foil-lined fiberglass tape. Such insulation has
been found satisfactcry in many applications in which cryostats with vacuum

jacketing were previously considered necessary (ref. 110}
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Improved Blood-Pressure Cuff

An improved blood-pressure cuff has been develeped by NASA for
monitoring astronauts and other fiight personnel. Tnis cuff is reported to be
smaller, lighter, less stiff, and less res rictive to arm movement than the
siandaid T-inch Clinical cuff {rof, 21 Shawa in figure 85 it ia macantially
a laminar composite consisting of a nylon cover sewed to an attached piece

of Velcro. The assembly contains the small pressurization unit.

Figure 55.-- Mercury blood-pressure cuff. (from ref. 214)

Dental Festorative Materials

Shortly after World War 1I, the dental profession initiated the use of
cure-in-place acrylic resins to be used in place of the widely used amalgams
(mercury and powdered zinc or silver) or the somewhat less frequently used
silicate cements and porcelains. It was hoped that the biocompatible, easy-

to-use acrylic resins (used unfilled) would not have the deficiencies of the
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are listed in Table XXV,

MA'LLKIA LD

older materials. By 1955 it was frund that the acrylics had alsy evidenced a
numnber of undrsirable characteristics that considerably restricted their usage.

The deficiencies of the various restorative materials at the start of the 60’3

TABLE XXV. - DEFICIENCIES OF DENTAL RESTORATIVE

Silicate Cement

Type

’zm‘d YIS

solubllity
Stain badly

Ultimately poor
- aesthetic proper-
ties

e

o

Porcelains

Metal Alloys

Poor aesthetic

Desired resilience PTOPOTHES

and toughness
lacking

Expensive

High coefficients
of thermal
conductivity

Unfilled PMMA

Restoratives
High degree of Brittlie Polymerisation

shrinkage

High coefficient of
thermal expansion

Poor abrasion

Oral fluids
absorbed

Reduced compres-
sive strength

In the early 60's, work was initiated to form composite restoratives by

reinforcement of the polymethylmethacrylate (PMMA) with inorganic mater-

ials such a3 glass fibers, beads, powders, quartz, calcium phosphate, and

other fillers. Johnson conducted a study to determine the efficacy of glase

fiber and beads (ref. 215). Glass fillers did not retain a smoath tooth

development, the use of specific coupling agents to promote adhesion

between PMMA and fillers and to the tooth, was found very promising.

These developmente and the development o thermosetting aromatic

acrylates ure described in refs. 215 and 216,

' surface after initial grinding or during normal wear; however, another
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The results of these investigations into inorganic fillers combined with
apecific coupling agents and improved acrylic resins are materials now 3ro-
duced by scveral pharmaceutical urganizations (ref. 2'171. These materials
are considerably improved over the original amalgams, silicates, and acrylic
formulations. The new formulations have better aesthetics than the older
M:terials, are not 80 ( ritical in tmixing, ard nave Liliv wargiaal s
The physical properties are as good as those of the older amaigams without
the possibility of mercury cuntamination. The major disadvantage of these
resin-composites is the somewhst poor wear resistance shown by the mater-
ials when tested in vivo. (Laboratory tests indicate that they have wear
resistance as good as or better than amalgams or silicates.) It is then theor-
ized that the combination of saliva, molature, and the tooth grinding action all
combine to cause the excessive wear. Improvements in the filler system used
with the resins may improve the wear resistance of these materials. The
materials suggested are the types being developed at NASA Lewis Research
Center and by NASA subcontractors for use in turbine b'ades and nozzle
throats: these materials include various types of carbides and oxides of such
materials as z.rconium, aluminum, and thorium (refs. 50, 211). Their known
hardness and inertness should make them attractive candidates for this

application.
Dental Implants
Dental implants are used as supports for dentures in cases in which nor-
mal healthy gum and bone are not available. Titanium, tantalum, and Vital-

lium, all of which have disadvantages, are presently used for this purpose.
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One promising raw material to replace metal, according to von F raunhofer, is
vitreous carbon (ref. 218). This material, being pure carbon, is completely
noncorrosive and thus is highly resistant to oral and tissue fluids. [t contains
no additives, plasticizers, and/or stabilizers, such as those found in polymers,
which car be leached out with effects similar to the relerase of ions by corrosion
of metals. Work is now being done on inclusion of carbon fibers in the vitrevus
matrix to increase the impact strength (ref. 219). Another possible technique
for reinforcing the vitreous carbon might be the inclusion of sirconium or
sirconium oxide as reported by Blankenship of NASA Lewis Research Center
(ref. 211).

SAFETY APPLICATIONS

Since the inception of the manned space flight program, NASA has been
actively engaged, with the assistance of industry ina search for nonflammable
materials for use in spacecraft. A great variety of fibers, elastomers, and
composites have been developed that can now be fabricated into nonflammable
end items, eithzr used alone or in conjunct.on with other materials. Many
ot thxonﬂamnable and fire-resistant materials and inuch of the supporting
spacecraft technology can be used to make a significant contribution toward
fire safety in industries, institutions, and the home. A limited list would
include enclosures, heat and chemical shields, helmets, face masks, cur-
tains, upholstery, clothing, bedding, fume ducts, and electric-arc shields.
Spearheading the development and application of nonflammable materials has
been the M inned Spacecraft Center Crew Equipment Branch under Dr. Matthew

Radnofsky and the Ames Research Center under Dr. Jchn Parker. This work
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has drawn national interest and assumed great significance in advancing the
application of flameproof and thermal insulating man-rated materials,

Such physical considerations as durability and aesthetics become impor-
tant whe: materials developed for short-term space use are exposed to the
rigors of repeated use in competition with traditional materials. Aesthetic
qualities are less easily obtained with many oi the new materials which arc
presently receiving prime technological attention. Becausz many of these
fibrous materials cannot be dyed and are available only in white or invarying
shades of brown, work has been directed toward spraying, laminating, embos-
sing, and printing to achieve decerative results with the new materials,

Textiles

A large number of textile materials were investigated for use on the
Apollo Program. Table XXVI lists the various material designations, the
base fiber, and the unique properties or characteristics of each material
(ref. 220). Potential applications of flame-resistant aerospace materials
are briefly listed in Table XXVII.

Several fabric materials are used in spacecraft but are not presently
considered for aircraft or other commercial application. Polybenzimidazole
(PBI) is an excellent fabric from almost every point of view, including non-
flammability; but it is presently very expensive. Teflon fabric is nonflam-
mable but has unsatisfactory hand and low tensile strength. Metallic fibers
are expensive and lack durability, A new fabric from German Enka closely
simulates cotton and is nonflammable, but it is available only in experimental
quantities., Table XXVIII provides flammability test results on fiber and
elastome: .. materials.
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TABLE XXVII.— FLAMMABILITY TEST RESULTS ON FIBER AND
ELASTOMERIC MATERIALS (from ref. 220)

Burn rate, in/sec
Materials Top lgnition Bottom [gnition
16.5 psia | 6.2 psia | 16.5psia | 216.5 psia 6.2 psiaq

Beta bni Ni NI NI NI
Teflon SE SE 0,55 0. 30 0. 30
PBI 0.20 0.16 0. 41 0. 35 0. 30
Asbeston ‘se SE SE SE SE
Nomex 0.33 0. 16 1.00 0. 60 0. 60
Viton SE SE SE SE SE
Fluorel SE SE SE SE SE
CNR SE SE. SE SE SE
Velero® 0.02 0. 01 0. 50 0.37 0.35
Durette 0. 41 0. 31 1.00 0. 55 0. 41
Fypro 0. 45 0.33 1.25 0.83 0.71

i‘(J(.Lpercent oxygen, 40-percent nitrogen.

b

NI — No ignition.

CSE — Self-extinguishing.

dA stro Velcro
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There are a number of vlastomeric taterials whicn can ne dased an
cun)unctiun With tne tflatlie resi-tani (080 s tnate Tials
resistant coated tabrics. [iese inclade flaormated aviarocarbons, oorinated
silicones, and carboxv nitroso rubber (CNR). All these can bhe ased at high

, Y TS ) .
temperatures up to approximately 4350 F (2327C). only the fluurinated silicones

are satisfactory at subzero temperatures.
Velero Fasteners

Velcro fasteners, made from nyloa. are highly flammable. A ncw type of
fastener, Astro Velcro, is a composite that utilizes a TFE Teflon pile, Beta
fibers, and polyester hooks. This fastencr (Figure 56) meets Apollo {lame
resistance requirements. When engaged, Astro Velcro has about 1/5 the flame
propagation rate of the engaged nylon Velero. The peel strength of the Astro
Veloro is equivalent to that of nvion Velcro, and approximately the same

st: ength is maintained even after 100 circles (ref. 220!
Fire Fighter Suits

NASA has developed and fabricated several types of fire-fighting suits
and ancillary clothing using many of the new fabrics and fibers discussed
previously (ref. 221). A typical example is the Proximity Firefighter suit
shown in figure 57. The materials used in this suit are:

e Outer layer — aluminized Fypro fabric 8.5 oz/ydz.

e Vapor barrier — 4 oz /yd2 Fypro with 80-percent Fluorel elastomer

by weight.
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Figure 56.— Astro Velcro. (from ref. 220)
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Figure 57.— NASA proximity firetighter suit,
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. osulation — oz ‘vd® Durette batting.

® Looang — 4 o2 vd': Fvpro fabric, continuous filament,
luvers i aterial are sewn together into a single layup. Construction details
wre ~aownan figure 3R Jacket and trousers weigh 5.0 pounds each (ref. 2221,

Tr1s suit and several others of different design were evaluated over a
3-month period by the Houston (Texas) Fire Department on a continuing basis
by firefighters during normal activities. Firemen wearing these garments
attested to the functional ability of the clothing to withstand extremely high
temperatures while maintaining the firemen in safety and comfort.

The sdvancements in technoiogy have not been rapidly accepted so that
there has been a low level of commercial developmental activity, despite the
current tlurre of developmental activity precipitated by NASA programs.
Consequently, most of the materials mentioned here are expensive and will
probably remain expensive until they are produced in volume. For example,
trhe FBI ros1s approximately $200 a pound, enough for three yards of woven
iitsri.. This material is being evaluated for clothing for Air Force pilots
in Vietnan.. 17 sufficient demand is generated to warrant large-scale produc-
tion, the price would eventually go down to $10 a pound. The Fluorel elasto-
meric coating 1s available in powder format $20 to $25 a pound. In actual
use, the elastomer is blended with inexpensive additives to obtain physical
properties tailored to the end use. Thus the formulation cost is considerably
less than the Fluorel cost, which is also expected to move inversely with

volume consumption.

179



N73 14987 NS

MICROCOPY RESOLUTION TEST CHART

% NATIONAL BUREAU OF STANDARDS - (963




KNIT COLLAR

A. FRONT VIEW

AIR MASK

POCKET:

DOUBLE PULL

ZIPPER

CLOSURE

REFLECTIVE TAPE

ANCHORING SNAP

8. BACK VIEW

TURN-UP COLLAR TAB

VELCRO PATC

REFLECTIVE
TAPE

/
')

TUR

N-UP COLLAR TAE

ABRASION PATCHES

SNAP CLOSURE

BOX-TYPE
POCKETS

VELCRO
CLOSURE

POCKET
DiIVIDER

LINER ﬁ

KNIT COLLAR

ABRASION PATCHES

7/

Al

a1y

=B TR

ol

BRASS VENTS
& WASHERS

BRASS VENTS
& WASHERSH '

BUCKLES

WEBBING

LINER
/ATTACHMENT
POINT
(TROUSERS
LINED IN
LOWER LEG
ONLY)

P*———ABRASION

PATCHES

Figure 58.— Firefighters coat and trousers.

180

ELASTIC

— ABRASION PATCHES

RN

1
i
i
!
f




A complete tabulation and description of fibers, fabrics, and coatings is
available from Dr. Radnofsky at the Manned Spacecraft Center. Material
costs are changing rapidly; even so, in relation to the fire hazards in hospitals

to patients alone, the costs are very likely worth it.

Helmets

Helmets are extensively used in many high-risk occupations and activities

<

such as firefighting, racing, police work, construction, and industrial opera-
tions. The primary purpose of the helmet, the protection of the human skull

from damaging impact, is accomplished by absorption of energy through

several layers of various materials, each having a specific function. A typi-

« apeRc

cal helmet is comprised of a hard outer shell; a relatively soft, energy absorb-
ing layer; a skull-conforming soft layer; a soft nonabrasive, absorbent liner,
rim protective beading, and a chin strap. In other words, the helmet is a ;

composite structure in which the materials are carefully selected to meet

P

functional requirements.

Commonly used materials are shown in table XXIX. These materials are

IS £ T

functionally acceptable in various degrees depending on the application. How-
ever, they all will burn in a normal oxygen environment. The only exception
is the vinyl film, but even with such material the fabric backing will burn. i -

Although suitable for many uses, a helmet made of flammable and low-heat- !

resistant materials would not be suitable for fire fighting or other high-risk P

occupations.
Since the disastrous Apollo space-capsule firein 1967, NASA has acceler- ;

ated its search for fireproof and heat-resistant materials. As pointed cut in the
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TABLE XXIX.— HELMET MATERIALS

Construction Conventional Substitute Fireproof
Detail Material Material
Hard shell Polycarbonate or Fiberglass/Polyimide*

Energy absorbing
layer
Conforming layer

Soft absorbent
liner

Rim beading

Chin strap

Fiberglass/Polyester

Polyethylene foam or
styrene bead foam

Polyurethane

Knitted nylon fabric

Cotton backed, wire
reinforced, vinyl film

Woven nylon netting

Ames Research Center
urethane or isocyanurate
foam

No change

Knitted modifiec}"gromatic
polyamide fiber™™

Modified aromatic poly-
amide™™ backed, wire
reinforced, vinyl fiber

Woven untreated poly-
benzimidazole (PBI)
fiber

*Pyralin Pl-

*%*Fypro or Durette (X-400), see table XX VIII.

2501, Dupont Co.

discusesion of firefighter suits, many of the new materials adopted by NASA

have a potential for commercial safety applications in which fireproofing is

a necessity. Another such application is the fire fighter's helmet shown

in figure 59. The composite shell was fabricated by North American

Rockwell Company, Downey, California, of polyimide/fiberglass, and the

helmet was assembled by the American Sports Co., Inc., Compton,

California, under contract to NASA Manned Spacecraft Center.

Possible substitute materials for the NASA helmet are also given in

table XXIX. Not all of these materials has been tested for the helmet

application, but they are reported here as reasonable concepts. Details
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of the suggested fabrics are contained in ref. 208. Flame-resistant
properties of foam are given in ref. 221, and the properties of com-

posite plastic shells are given in ref. 223.
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Chapter 9

Applications of Composites in Power Generation and Distribution

The world demand for electric power is increasing by about 7 percent a
year, which corresponds to a doubling every 10 years (ref. 224). In the
United States the annual use rate is 0.5 billion kilowatts, and this figure is
expected to grow to 5 billion kilowatts by the year 2000. Present sources
of power are the fossil fuels (oil, gas, and coal) and water (only 2 percent of
total). Estimates of fossil fuel reserves indicate that by the year 2050 the
demand for power will exceed the supply of fossil fuel.

One answer is to seek alternative sources of energy, such as nuclear,
solar, tidal, geothermal, and magnetohydrodynamics (MHD). In general,
most of these sources require either large scale for efficiency or remote
locations for safety. These requirements in turn create the need for trans-
mitting large amounts of power over long distances. Figure 60 shows an
estimate of future transmission voltage over the next 30 years (ref. 224).

A variety of proposals has been presented as solutions to the projected
world energy crisis. However, none has been universally accepted. It is
beyond the scope of this chapter to detail these approaches; where appropri-
ate, they will be noted as potential end use sites for advanced composite
materials. Present and potential applications of composites are discussed in

relation to generation and distribution of electrical energy.

GENERATION OF ELECTRICAL ENERGY

As previously noted, a majority of today's electrical energy results from

the conversion of thermal into electrical energy by some type of turbine/
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Figure 60.— Estimated increase of AC
transmission voltages over the next
30 years. (from ref. 224)
generator system. The turbine may be either steam or gas, and the genera-
tor, a.c. or d.c. Alternative sources of thermal energy include nuclear
reactors, solar, and geothermal-energy.

Regardless of the source, the ultimate effectivity depends on the thermal
efficiency of the system. In general, the higher the operating temperature of
the system, the greater the achievable efficiency. Increases in the opera-
tional temperature then impose greater demands on the individual elements
of the system, i.e., boiler, boiler tubes, buckets, blades, heat exchangers,
pressure vessels, bearings, seals, and insulation. It is in these areas that
advanced composites will have a significant impact,

Work performed by NASA or NASA -sponsored contractors in the develop-

ment of gas turbines and et engines is discussed in Chapter 10. It is likely

that many of these data and much of the technology will be directly applicable
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+o lighter weight turbines that operate at higher temperatures with greater
efficiency. S‘i’milarly, NASA work on composite materials suitable for high
temperature seais and bearings (see Chapter 10) will contribute to both tur-
bine and generatorjeffectivity.

Work done by NASA in the stainless steel cladding of metals could result
in longer lived boilers, boiler tubes, and other corrosion sensitive elements
(ref. 80). At higher pressures, NASA work on glass-fiber overwrapped metal
tanks may result in a simplified technique for upgrading existing facilities
(ref. 225). Such tanks utilize the maximum load-bearing capabilities of both
the metal liner and the filament shell and are significantly lighter in weight
than the highest performance, cylindrical and spherical, homogeneous metal
tanks.

In the general areas of structural elements of turbines, generators, and
transmission support structures, composites such as boron/aluminum and
graphite /polyimide can increase the performance of rotary equipment via
cascade effects. Some of the new NASA structural concepts and developments
are covered in detail in Chapter 10 and can also be readily applied where
weight and portability are factors.

When nuclear reactors or MHD generators are considered, even higher
temperatures are realized. Here the need for thermally stable materials to
serve as structural or insulating elements becomes critical. NASA work in
both areas has produced metal, ceramic, and graphite composites which
could speed the realization of these power sources (ref. 226).

In the generator itself, two new approaches are worth noting: (1) greater
efficiency via an increase in the windings/insulation ratio and (2) the use of

cryogenically cooled generators.
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The first approach will benefit from NASA work on more efficient electri-
cal insulators such as pyrrone and polyimide wire coatings with high service
temperature capabilities (refs. 84, 108).

The second approach, while still developmental, offers a quantum jump
in power generation technology (ref. 227). The key to its success is the
superconductive state realized in certain materials when they are cooled to
-452°F (8°F above absolute zero). Present generators are limited to outputs
of about 1500 megawatts v1/2 the peak power consumption of Manhattan). By
way of comparison, it is estimated that a cryogenic generator capable of pro-

ducing 10, 000 megawatts is practical.

DISTRIBUTION OF ELECTRON ENERGY

Figure 60 illustrates the projected increase in AC voltages over the next
30 years. This increase will impose severe requirements on the materials
utilized in the transmission of electricity. The problems become even more
critical when the public attitude toward standard overhead lines is considered.
The alternative of employing underground cables (i.e., buried transmission
lines) further complicates the system requirements.

It is generally accepted that a solution to these problems lies in the use
of superconductive cables., Figure 61 illustrates a proposed system.

Cryogenic transmission is attractive from a cost standpoint because of
the very low energy loss levels. In fact, in comparing cryogenic lines and
standard lines, one analysis reports lower capital and operational costs for

the superconductive line (ref. 228).
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Figure 61, — Cross-section of a proposed
superconducting cable. (from ref. 224)

Another benefit of cryogenic transmission is the degree of compactness
that can be ackieved. Figure 62 illustrates this factor by comparing the con-
ductor cross sectional areas necessary to carry 1500 amperes of current
(ref. 229).

The distance between towers in conventional transmission lines is limited by
the strength of the conductors. The spanbetween towers may be increased by the
use of higher strength tungsten fiber-reinforced copper developed by NASA

(ref. 155), Such an increased span could result in a reduction in the cost of
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Figure 62.— Comparison of conductor areas required
to carry 1500 amperes. (from ref. 229)

establishing and maintaining a high voltage transmission line. Although the resis-
tivity of the tungsten reinforced copper is three times that of pure copper, itis
12 times as strong. In fact, on the basis of the ratio of ultimate strength to

resistivity, tungsten/copper is easily the best choice (see figure 63),
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with other electrical conductors. (from ref, 155)
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A similar approach might be taken based on the work by NASA in sup-

port of graphite fiber-reinfcrced aluminum (ref. 40).
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Chapter 10

Application of Composites in Transportation

Transportation is an industry that directly affects everyone. Last year,
Americans spent over 200 billion dollars moving people and goods, a figure
equivalent to the gross national product of Japan (ref. 230). Approximately
55 percent was allocated solely for the moving of people. Road transportation
alone accounts for 83 percent of all monies spent in the movement of both ‘
people and goods. However, on a ton-mile basis, the distribution of intercity
freight shows that railroads carry 40 percent; trucks, 21 percent; pipelines, -3
22 percent; canals, 10 percent; and Great Lakes shipping, 6 percent. ‘
In an industry that places emphasis on efficiency and public acceptance,
it is likely that the application of new material technologies may have a signi- {
ficant impact. The current use level of glass-reinforced plastics as weight
saving elements in automobile and truck manufacturing is about 207 million
pounds a year (ref. 231). This level of usage has generally been achieved by
its simple substitution for steel or aluminum. More dramatic performance
gains can be projected when these composites, and more advanced ones, are
introduced at the conceptual design stage.
One of the major hindrances to the widespread application of composites is ; i
their initially high price. These materials, however, can be most cost effec-
tive in mass production. For example, a study of the structural materials util-
ized in aircraft showed that the use of composites could facilitate mass produc-

tion and, therefore, reduce the overall fabrication cost of the aircraft (ref.

232). It was further shown that both injection and compression-molded glass- l
reinforced plastic vertical stabilizers could be manufactured at a lower cost l

than conventional sheet metal units, even at current production levels. Table
XXX details the results of the study. !
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TABLE XXX.— COMPARISON OF MANUFACTURING COSTS
OF COMPOSITES AND CONVENTIONAL
METAL STABILIZERS

. . Production
Manufacturing Qé:l;:ti:(; ngéuigsg‘;ec:mn Break-even
Technique N Point with Sheet
(1000/yr) (100, 000/yr) Metal (units /yr)
Sheet metal $110 $34 %
Compression-molded 88 28 620
Injection-molded 61 13 © 360

The potential of advanced composite materials for application to the
transportation industry is reviewed in this chapter, and some current and
future applications within this industry are presented. Because weight reduc-
tion and safety impact on all modes of transportation. they are dealt with as
separate subsections within the chapter. The remainder of the text is divided
into discussions of specific transportation modes, with comments as to the

applicability aud impact of advanced composite materials on each type.
WEIGHT REDUCTION

Payload is the measure of a system's effectiveness, especially in freight
transport. Any material system that can reduce the dea weight or increase
the available carrier capacity may prove cost effective. This relation is
particularly true for aircraft, as evidenced by the volume of work performed
in making lighter weight structural and propulsion elements. Weight reduction
is also important when the performance of -ail systems is considered; decreased
inertia results in reduced power needs and increased acceleration capabilities,

both of which are factors in high-speed, high-frequency transit systems.
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Similarly, marine shipping and motor freight may be willing to pay for increased
payload and speed. Pipelines, while not directly weight senritive, may benefit
during initial construction and may gain portability from the reduced weight of
individual elements.

A considerable volume of information now exists on advanced composite
structures that offer reduced weight. For service temperatures below 392 to
482°F (200 to 250°C), emphasis has, in general, been on the polymeric matrix

filamentary composites: graphite, S-glass, and wires. In some cases, exten-
sive studies have been made to detail the effectivity and impact of composites
on the total system (refs. 158, 232, 233).

One area of recent activity and interest has been the selective reinforce-
ment of metal structures with filamentary composites (refs. 18, 20, 158).
These hybrids provide improved properties at lower weights than do all-metal
structures. There are two advantages to the hybrid structures:

1. They build directly on the large existing background of fabrication
technology for structures; this factor should lead to rapid development
of this concept in the industry.

2. They allow the use of joints in the all-metal portion and retain the
filamentary composites for uniaxial loading, in which they are most
efficient.

As described in Chapter 2, a novel modification of the hybrid approach
employs the use of hollow structural sections which are subsequently infiltrated
with boron-epoxy (ref. 234). The resultant structures are found to be superior
to all-metal counterparts and a weight savings of up to 25 percent is possible.
Figure 64 shows a typical beam element with boron-epoxy located within the

extruded element (ref. 21). Other elements are jillustrated in Chapter 2.
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Figure 64, — Typical beam element

(Reprinted by permission of the Society of Aerospace Material
and Process Engineers.)

For serviceusage attemperatures higher than 482°F (250°C), work has centered
on either metal matrices or thermally stable polymer matrices. Of the metal
matrix systems, boron/aluminum has achieved the highest level of maturity;
graphite, however, gives promise of resulting in even more efficient struc-
tural elements (ref. 40).

Aninteresting application of boron-aluminum to a structural component is the
fabrication of a propeller, in which the composite is utilized for the retention and
spar in the blade. It is expected that this application could result ina large savings
in aircraft weight, since the weight of the blade determines the size requirements
of power elements and associated structures. Figure 65 shows the configuration

of such a blade (ref. 27).

FIBERGLASS SHELL

NICKEL
SHEATH

RETENTION

Figure 65. —-Spar/shell aircrafit propciler blade. (from ref. 27)
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An area of particular interest for the metal matrix composites is the
propulsion elements of aircraft and air cushion vehicles. Typically, these
vehicles utilize some kind of gas turbine for their motive power. Fan blades
of reduced weight that can withstand elevated temperatures can, via cascade
effects, result in significant gains in payload, thrust per unit weight, and/or
range of operation. Work on hollow boron/aluminum third-stage blades,
beryllium wire-reinforced titanium blades, unidirectionally solidified nickel
alloy blades, and tungsten-rhenium wire-reinforced columbium blades has
been reported (ref. 175). A process has recently been described for producing
beryllium wire-reinforced aluminum by wet winding in a slurry of aluminum
powder in organic binders; the clean burning binders are later burned off and
the composite is fabricated by compaction at elevated temperature (ref. 175).

An alternative to the metal matrices for higher temperature composites
is offered by thermally stable polymeric matrices, such as polyimide and
pyrrone resins. The development of pyrrone laminates and graphite-reinforced
polyimides has been reported as well as the exploration of new addition cured
polyimides that may be processed by autoclave techniques (ref. 175, 235),
These parts can now be produced without the voids normally associated with
condensation cured high-temperature resins.

Pyrrone laminates can be used in the production of high-temperature, stiff,
lightweight structural panels with foam cores (ref. 236). Similar panels may
also be realized by the use of honeycomb cores composed of high-temperature
resins and reinforcements. Typical of such an approach are graphite/polyi-
mide honeycomb panels (ref. 141). At higher temperatures, the organic foam
element in a structural sandwich is replaced with a metallic honeycomb. Work

in this area has resulted in techniques for fabricating a beryllium honeycomb
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sandwich with four times the stiffness of a comparable aluminum structure
(ref. 237). Such honeycomb structures can readily be applied to intake and
exhaust structures of gas turbine and jet engine units. An additional benefit,
may be realized in reduced noise levels due to the damping characteristics of
advanced composite structures (ref. 238).

Other NASA-sponsored work has centered on the evolution of new structural
concepts. One example of this approach is the work performed in the application
of a new fiber weaving technology (Omniweave ® ). This process, detailed
in Chapter 2, lends itself to the direct weaving of reinforcement fibers into
complex shapes such as I-beams, struts, trusses, and integrally ribbed
structural shells (ref. 30).

In another structural concept evaluation, an investigation was made of the
fabrication of pre-stressed rotor blades by overwrapping stainless steel spars
with fiberglass at cryogenic temperatures. The result is, at room temperature,
a part preloaded into compression, which offsets the centrifugal tensile stresses
met during cperation. This lightweight fail-safe design is applicable to any
column structure functioning in axial tension, for example, automobile, truck,
and rail body frames (ref. 181).

The Advanced Technology Transport Study tentatively identified the
reduction in weight and direct operating costs associated with various levels of
composite utilization in ajrcraft. Table XXXI details these results (ref. 239).

In the area of motor transport, a significant possibility for weight reduction
exists in the development of advanced composites of graphite /epoxy and S-glass
epoxy. As the requirements for crash-survivable vehicles increase, it becomes
more difficult to keep vehicle weight within reasonable limits. The advanced

composites may provide the weight reduction necessary. Additionally, these
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TABLE XXXII.— TYPICAL WEIGHT REDUCTIONS
OBTAINED WITH COMPOSITES

Composite
Material

Application

Advantages

Graphite-reinforced
epoxy

Landing gear doors

ﬁ

52 percent reduction in
weight compared with
standard titanium product
(ref. 240).

Boron-aluminum
hat elements

Stiffening of
titanium panels

25 percent weight reduction
and increase in cost effec-
tiveness compared with
all-titanium structure

(ref. 241).

S-glass and Uniaxial, filament- 25 to 50 percent reduction
boron-epoxy reinforced tubular in weight with overall
structures better performance com-
pared with aluminum-tubes
(ref. 16).
Boron/epoxy Reinforcement for 20 percent weight savings.
filaments aluminum and Could be used in commer-

titanium structures,
such as metal fuse-
lage frames

cial aircraft, truck and
auto frames, high speed
ground vehicles, boat masts
(ref. 242).

e

materials may be engineered to control the regions of failure in order to pro-

vide maximum energy absorption and occupant survival.

In summary, a large volume of advanced composite materials data, both

design and conceptual, has been developed by NASA or NASA- sponsored con-

tractors that can be directly applied to structural weight reduction within the

transportation industry. The payoffs can be realized in payload, range of

operation, reduced inertia, and power requirements, all critical factors in

efficiency of the overall system. Typical application and weight savings

realizable are shown in table XXXII.
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SAFETY

The area of safety has now become a real and justified concern of the
public as discussed in detail in Chapter 8. The work reported below is based
on efforts at reducing the hazards of fires associated with aircraft, but the
general principles and materials can be readily applied to auto, truck, rail
and marine vehicles.

A number of studies has been made to identify materials of aircraft
construction that present a hazard either as flammable mate?ials or as genera-
tors of smoke and/or toxic gases during heating (refs. 96, 103, 104, 243).
The results of these efforts are a number of composite systems that provide
increased survival during a crash or accident-induced fire. Specific examples
are a fire-resistant wool which can be dyed and used wherever natural wool
is applicable; fluorocarbon elastomers for decorative paneling and leather-like
upholstery; and polyurethane seats (cost $3/seat). Polyurethane foams have
also been modified to provide increased char and reduced flammability and evo-
lution of toxic gas. Other high-temperature nonflammable foams have been
developed for use as fire-resistant firewalls (ref. 109). In one effort NASA
is completely refurbishing a Gulfstream aircraft to demonstrate the commer-
cial application of nonflammable materials. These include curtains, rugs,
upholstery, and decorative paneling, all color keyed to the aircraft decor
(ref. 244).

In a more dramatic example of the impact of thermal isolation and of
fireproofing on the safety of aircraft, NASA conducted a controlled-fuel fire
crash of the central fuselage of a C-47 airplane. A 13-foot section of the fuse-

lage was fire-proofed. Details of the fire protective materials are shown in
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SECTION THROUGH
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Figure 66.— Installation details of fire-protective
materials. (from ref. 245)
figure 66, which shows the placement of the intumescent coating and polyure-
thane foam. An unprotected 13-foot section was included for reference. The
fire was started externally to the test sections since 85 percent of aircraft
= fires are due to external causes (ref. 245). Figure 67 illustrates the rate of

temperature rise in the two sections exposed to the fuel fire. It can be seen

that the protected section provided a considerable increase in the time avail-
able for escape or rescue. It should also be noted that no evidence of toxic
gas build up was noted in the protected section of the fuselage (ref. 107).

The weight penalty associated with the composite materials utilized in the
test was estimated to be 0.3 lb/ft2 of protected area. This estimate represents
an increase of 1700 pounds for a 400, 000-pound aircraft, which may be reduced

to zero if the materials are integrated into the structural design at the con-

S —

ceptual level.
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Figure 67.— Cabin air temperature during fire. (from ref. 245)

Ancillary equipment also plays a role in safety, and NASA has contributed
to the development of fireproof suits (see Chapter 8) and fireproof inflatable

escape slides for aircraft (ref. 246).

SPECIFIC MODES OF TRANSFORTATION

n the following sections the specific applicability of advanced composites
is related to the various modes of transport. Since potential weight reduction
is discussed separately, specific elements of construction that may result in
reduced weight are emphasized only where they also contribute directly to

operational efficiency in some other significant manner.
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Aircraft

Aircraft transportation includes conventional (CTOL), short (STOL), and

vertical (VTOL) takeoff designs. It is generally agreed that V/STOL aircraft

offer the greatest potential area for composite applications, principally because of

the need for higher power values as take-off length is reduced. Either the

dead weight of the aircraft must be reduced or engines of higher specific thrust
must be provided. The application of composites to gas turbines and jet engines
has been discussed. Other possible areas of applications are discussed here.

It has been estimated that technolngical advances in structures and engines
(primarily through the application of composite materials) and aerodynamics
will combine to allow 50 percent more payload, to be carried about 1/3 faster,
while reducing hover noise by 10 percent. Additionally, the operating costs
will drop by about 30 to 50 percent.

NASA is investigating the feasibility of utilizing a continuous, uniaxial
composite material (graphite/epoxy) in the fabrication of a helicopter rotor.
The composite material will be applied from tip to tip, across the rotor hub
to provide low torsional stiffness and thereby allow torsional articulation
across the inboard region of the blade. The articulation achieved by elastic
deformation will eliminate the need for blade articulation bearings; this concept
not only reduces weight and increases rotor efficiency, but it also results in
reduced mechanical complexity and maintenance. Currently, a 4-foot diameter
rotor is undergoing wind tunnel and fatigue testing (ref. 181).

Boron/epoxy reinforced aluminum stringers are being investigated for the
CH-54B Helicopter tail cone. It was determined that fabrication, field inspec-

tion, and fatigue life of the proposed system were equal to, or better than, an
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all-aluminum structure. Additionally, for equal strength, the composite-reinforced

tail cone is 30 percent lighter than the current aluminum production item (ref. 247).

In industry, study of the impact of composites on the Heavy Lift Helicopter

{paylcad = 22

.5 tons), indicated that ten to fifteen thousand pounds could be
saved if advanced filamentary composites comprised 53 percent of the primary
and secondary structural weight. The rotor blades were also studied, and it
was estimated that the use of graphite/epoxy composites, with an inner SPAR
of glass/epoxy, would result in reduced droop. A reduction in the height of
the rotor system could be effected, which would reduce the strain on vibrating
parts. An additional benefit would be a rotor blade weight reduction of 20 per-
cent. Other areas under study include fuselage and landing gear assemblies.
Overall, a 26-percent reduction in maintenance cost is projected as a result
of advanced composite applications. The reduction is due to increased fatigue
resistance and fracture toughness, coupled with ease of repair (ref. 248).

Composites also offer another advantage in the construction of rotor
blades: they can be readily fabricated into complex geometric parts with mini-
mal machining and scrap. Many conceptual designs can be realized that were
impractical or impossible to achieve in an all-metal part. For example, it
has been demonstrated that rotor blade <fficiency could be increased substantially
if the cross-sectional geometry of the blade would be varied from hub to tip.
This type of design is an ideal application for graphite /epoxy or boron/epoxy
composites, which can be moldedinto almost any desired shape.

Another industry study of the aluminum X-22A V/STOL projects a 100-
percent increase in payload through the use of graphite/epoxy composites,

which provide an overall ¢ mpty weight reduction of 30 percent (ref. 249).
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In two CTOL applications, advanced composites are finding ready acceptance
for high-temperature brakes and graphite /epoxy floor panels. Research has
been conducted into the thermophysical characterization of advanced graphite
composite materials during transient heating and also into the development of
oxidation resistant carbonaceous materials (refs. 250, 251). Both may have a
direct impact on the use of reinforced-carbon aircraft brakes. Brakes using
discs of carbon/carbon composite material are lighter and operate more smoothly
than conventional brakes. They can also provide a 100 percent increase in
service life and operate at temperatures [>1800°F ( 982°C)] beyond the limits
of conventional aircraft brakes (ref, 252). It is likely that such materials may
also find acceptance as both brakes and clutch components in high-speed motor
and rail transport systems.

The use of a graphite/epoxy composite as aircraft floor panels has found
limited acceptance, despite their initially higher cost. It has been demonstrated
that graphite /epoxy floor panels can be cost effective compared with aluminum/
balsa paneling. As a result, graphite/epoxy composite floor panels have been
retro-fitted into some of the 747, 707, VC-10, and Trident commercial jet
aircraft (ref. 8).

NASA has also sponsored work in the development of fiber over-wrapped
high-pressure metal pressure bottles. It was demonstrated that significant
weight reductions and increased performance could be realized by over-wrapping
metal pressure bottles with S-glass or FRD-49. As a result, the environmental
control and life support systems in commercial aircraft could be upgraded,
with an overall reduction in dead weight (ref. 45).

External components may benefit from the reduced weight, increased

stiffness, and vibrational damping characteristics of composites. Candidates
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include cases, nacelles, ducts, brackets, housings, and tubes. Composites of
the particulate and l..ninate variety offer potential gains in the construction,
fabrication, and operation of aircraft engines. The use of high-temperature
bearings and seals can directly benefit from the work or composite materials
or components. Work on oxidation resistant carbonaceous materials, high-
temperature polymers, and high-strength self-lubricating bearing surfz_es
are all examples of composite materials applicable to gas tubine and jet engine
bearing and seal problems (refs. 83, 164, 251, 253).

Self-lubricating gears and journals have been developed by bonding
reinforced Teflon to metal. Reinforced FEP Teflon composite material is
bonded to a metal substrate by applying a thin layer of copper on the metal
surface, disposing irregularly shaped copper particles on the coated surface,
assembling the reinforced Teflonin contact with the particles and heating under
pressure at a temperature below the melting point of the Teflon. A diffusion
bond stronger than the reinforced Teflon component is produced, thus enabling

the fabrication of self-lubricating bodies having high strength (ref. 82).

Rail Transport

The railroads in America are suffering a profit loss due to a lack of
technological ingenuity and public acceptance. Public acceptance is unlikely
to change with regard to longer trips, but public attitudes toward inner city
and intermediate intercity rail transport could benefit from some new concepts.
Some obvious elements necessary for an upturn in or reversal of the present
trend include speed, safety, comfort, frequency of service, and reasonable cost

(achievable through automation). Rail transport is used here to include subways,
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commuter lines, and monorails and the newer concepts of tracked air cushion
vehicles (TACV) and magnetically levitated vehicles (MAGLEV). As the speed
increases, the penalty associated with dead weight becomes more severe;
increased power requirements reduce acceleration capability, and more complex
and softer suspensions are required for passenger comfort. It is therefore a
valid goal to seek weight reductions in the structural elements, particularly

in the case of air and magnetically supported vehicles which are very weight
sensitive.

Composite materials can be specifically designed to take full advantage of
their inherent strength, stiffness, and energy absorption characteristics. These
can provide significant contributions when the high levels of shock and vibration
anticipated in higher speed vehicles are considered.

The electric motors that power most current rail transit vehicles are
limited in size, and therefore power, by the side clearances associated with
standard rail gauge track. An increase in the power available might be realized
via the use of more efficient, higher temperature electrical insulation. Several
candidate materials such as pyrrone and polyimide resins have been produced
in this area (refs. 82, 236).

Materials such as boron/epoxy, graphite/epoxy, and S-glass/epoxy may
find use as face sheets or honeycomb core structural panels. In turn, the core
may be a foam or other material specifically selected to provide efficient
abscrption or blocking of both thermal and noise penetration. NASA has sup-
ported cfforts at effectively controlling both of these phenomena (refs. 64, 76,
159, 238, 254). An efficient thermal acoustical insulation system could also
pay dividends in reduced costs associated with heating and airconditioning of

the vehicle.
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MAGLEYV vehicles require the use of stored liquid helium on board to cool
their superconducting magnets. Cryogenic insulation may, therefore, become
a critical factor in the realization of the MAGLEYV type of vehicle. A series
of approaches has been developed for containing liquified gases utilizing foams,
multilayered insulation, and reinforced foams (refs. 64, 65, 71, 72, 109,

159, 255). Additionally, the storage of cryogenic fluids may be facilitated by
the work on stainless steel-clad titanium (ref. 80).

At the high speeds anticipated (up to 350 mph at atmospheric pressure), it

is likely that the uniform surface provided by composites can prove advantageous

in reducing the drag due to air friction. Additionally, the lower thermal expan-
sion characteristics of graphite/epoxy composites may prove useful in reducing
the gapping or spacing requirements between elements of vehicle construction
(ref. 256). The degree of sophistication associated with the TACV suspension
may also be affected by the low thermal expansion characteristics of some
composites. If tight tolerances between the air cushions and the guideway

can be maintained, a less complex suspension system may prove adequate.

As discussed under Safety, it is likely that the improved brakes of
carbon/carbon composites may be found cost effective because of their greater
safety, longer service life, and reduced maintenance costs (refs. 250, 251).
Similarly, longer life and stronger bearing and seal materials may find acceptance
(refs. 83, 150, 164). There may also be some impetus to use composites to
reduce the weight of standard rail cars, because of increased performance
goals and reduced track and roadbed maintenance.

There is little doubt that advanced composites can be successfully applied
to rail transport; however, the unresolved state of the preferred mode(s) of

rail transport will delay their commercial implementation. Pending resolution
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of the multiplicity of alternatives, advanced composites will probably find use

primarily as elements in conceptual designs.

Motor Transport

Motor transport includes, primarily, automobiles, buses. and trucks.
Recreational vehicles such as motorcycles, snowmobiles, and all-terrain
vehicles are not considered an appreciable portion of the motor transport
market.

As mentioned intially, the use of glass-reinforced plastics (GRP) for
bodies has already made significant inroads in the auto, bus, truck and various
recreational vehicle market. In these applications the high specific strength
of GRP is desirable; however, its relatively low modulus (stiffness) has proved
a limiting factor. The emergence of both boron/epoxy and graphite /epoxy
composites has relieved this situation. These materials are as light as GRP
but offer a much greater degree of rigidity. They are as strong and stiff as
steel but lighter than aluminum.

Other composites may also provide increased performance at acceptable
cost. Undoubtedly this cost will be borne by the consumer. but perhaps the
resultant, longer lived and safer vehicles will be commercially desirable. It
has been estimated that an extra $50 spent for premium materials during pro-
duction could result in $500 saved in repair costs over the life of the vehicle.
Some of the potential areas of application for premium plastics are pointed out
in figure 68 (ref. 231).

The emphasis on safety in automobiles, buses, and trucks will certainly

increase the demand for material systems capable of meeting the rigid Federal
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regulations. Carbon/carbon composite brakes and the work on nonflammability
materials for interior construction and decor has been discussed under Aircraft.
Work on high-temperature, fire-resistant foams may also find application as
firewall thermal and noise barriers (ref. 109).

Alternative means of thermally isolating the vehicle occupants from external
heat may be derived from the high efficiency insulation system concepts being
studied (refs. 64, 72, 73, 159). These, in turn, may permit a reduction in
wall thickness requirements, thereby increasing the available internal volume

of the vehicle. In refrigerated trucks, for example, this insulation work may

R+ b e o & bR

L, £ RS s 1

prove cost effective in terms of increased payload and reduced reirigeration

needs.

Insulation materials can also be utilized in electric propulsion motors (refs.

84, 235). A reduction in the thickness required for insulation with an increase
in the allowable service temperature could result in significant increases in
specific power available.

Another area of potential interest is metal cladding. Copper clad aluminum
radiators would increase cooling effectivity at reduced weight and cost.
Corrosion-resistant, stainless-steel-clad mufflers may also be realizable.
Cladding of aluminum with stainless steel will permit reduced cost of vehicle i
trim.

As pollution level regulations become more stringent, alternative power
sources may become mandatory. High-temperature resistant materials, such
as metal and polymer matrix filamentary reinforced composites, may find
utilization as clading and buckets for gas turbines (refs. 253, 256, 257).

Similarly, alternative fuels such as liquified petroleum and methane may

become desirable. Here, the development of lightweight, compact, high-pressure
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storage bottles may be applicable (refs. 157, 225). This work could also find
use in high-pressure steam or other pressurized fluid boilers.

Specialty gears may benefit from the development of a Teflon/metal laminate
(ref. 83). Selective placement of fluorocarbon provides a continuous source of
low friction material over the gear teeth, which reduces wear and heat buildup
induced by friction. Graphite-reinforced polymers also provide similar
properties and extend the service temperature range (ref. 150).

The use of advanced composite materials in tire construction may provide
greater margins of safety by selective reinforcement in the tire bead area. It
is this element that must transmit the load om tire to rim, and uniformity
and strength play a critical role. Perhaps the use of high-strength graphite
fibers could significantly upgrade the overall load rating of an otherwise standard
tire assembly.

In summary, the use of composites in motor transport will have to be
justified, not in terms cf physical performance levels, but rather in terms of

cost effective specific solutions to problems.

Marine Transportation

Included under marine transportation are bulk cargo carriers, barges,
tankers, pleasure boats, and submersibles. In general, this class of transpor¢
is not so sensitive to weight reduction as other transport modes. In fact, in
commercial use these systems operate at the lowest values of horsepower per
net ton (~0.2 to 0.4) (ref. 258). Additionally, the weight advantage offered by
composites has already been realized in many types of boats by the use of glass-

reinforced plastics. In fact, in America, these composites account for about
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two-thirds of all recreational boats under 60 feet in length. Commercially,
GRP is now being utilized in the fabrication of shrimp trawlers up to 74 feet
ir. length. At the present state of the art, GRP construction competes with

steel hulls in lengths up to 150 feet. Generally, these composite hulls involve

a sandwich type of construction, which results in efficient transfer of load through

the structure. Recent developments have also led observers to conclude that,
by 1980, all British warships of less than 500 tons will be fabricated from GRP
by means of computerized systems and the use of radio-frequency curing
techniques (ref. 259).

Glass-reinforced plastic ships offer several benefits. Their reduced
sensitivity to marine environments results in a smoother hull with an increase
in operational efficiency because of reduced drag effects. There is also
minimal corrosion, which leads to reduced maintenance costs. Further, the
repair of composite materials is rnore readily achieved compared with that of
metal or wood components.

Advanced composites will find only limited immediate use in commercial
shipping because of their relatively high cost, although the advent of automated
fabrication concepts will lead ultimately to reduced initial acquisition costs.
Potential applications may include masts, booms, and propulsion shafts which
could be readily fabricated from graphite/epoxy or boron/epoxy materials,

either all-composite or hybrid composites (refs. 234, 241, 260). The lower

weight and increased rigidity may offer sufficient payoffs to prove cost effective.

A more technologically sophisticated application would be the use of filamentary-

reinforced composites in hydrofoil components. In this application, the stiff-
ness, light weight, and good vibrational damping of the composites could all

pay real dividends.
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Many potential applications for marine transportation have been described
in connection with the other modes of transportation. Wear-resistant and
self-lubricating composites utilized in rotary seals and bearings could find ;

application in marine propulsion and power units. Similarly, longer lived clutches

(Yo

could be fabricated from composite materials, as previously described. The

NASA - sponsored work with nonflammable and fire-proofing foams and com-

Y .
LY

posite materials will have a definite impact on the marine transport industry.

Refrigerated cargo would benefit from studies into more efficient thermal

| I

isolation systems (refs. 64, 73, 159). Finally, cryogenic storage and shipping
of liquified gases from the North Sea area will benefit from the NASA-sponsored

work on cryogenic jnsulation systems (refs. 65, 71, 109, 255).

T

In a limited area of application, composites could play a dominant role

in submersibles. The use of graphite or boron-reinforced epoxy for submarine

T

or deep diving hulls would substantially increase their depth capability, at

reduced weight. Whether submersibles will play a significant role in transport

{ o

for undersea farming, fishing, or mining is yet to be determined.

| "

Pipelines

|
Pipelines are a highly specialized form of transportation and, surprisingly, '
account for as much as 21 percent of the total U.S. freight traffic per year.
Additionally, no point in the U.S. is more than 200 miles from an established '
pipeline route. Pipelines do not simply carry liquids but have expanded their
capability to move slurries (coal in water, for example) and capsules containing '

dry bulk commodities (soft bags or cannisters propelled by liquid moving in the

pipe) (ref. 260).
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Filament-wound, glass-reinforced pipe has been manufactured for a number
of years, with a number of inherent advantages:

a) It can be manufactured with automated techniques, which cut cost.

b) It has a higher flexibility than steel, which aids in the snaking and

laying of pipe in trenches.

c) It has a smooth inner surface which reduces frictional loss and sur-

face buildup.

d) It can be buried in wet ground or marine environments with minimal

corrosion protection required.

e) It has lower heat transfer rates than metals, which allows the pumping

of heat-thinned materials (crude oil) with less thermal insulation.

f) Its lighter weight allows its transport and assembly in remote areas;

for example, a GRP pipe, 20 feet long with an 8-inch bore, rated at
380 psi, weighs only 70 pounds.

In light of these present advantages, it is difficult to see any immediate
need for filamentary reinforced pipeline materials of higher performance.
However, the recent ecological considerations over the Alaskan pipeline offer
a potential area of application. The passage of hot oil (150°F (66°C)] through a
buried pipe is considered a threat to the environment because it would thaw the
permafrost. Application of the highly efficient insulation systems developed by
NASA could reduce this danger to negligible levels (refs. 64, 73, 159).

Another problem is the potential ecological damage that would result from
a pipe failure, particularly in regions of known earthquake activity. In such
regions, the NASA-sponsored work on hybrid composites, such as magnesium,
aluminum and titanium tubes reinforced with boron or S-glass filaments, might
result in failsafe designs capable of withstanding the stress levels induced by

geological disturbances (refs. 18, 241).
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Because of the remote locale of most of the proposed Alaskan pipeline, it
is desirable to design it and the support systems with a high level of reliability
and low degree of required maintenance. To this end, it may prove attractive
to employ the composite bearing and seal materials developed by NASA in the

motor, valves, and pumping equipment along the route.

Miscellaneous

The miscellaneous section includes those modes of transport not readily
categorized in any of the previous headings. Covered are air cushion vehicles,
aerial tramways, and conveyor belts.

Air cushion vehicles.— The Canadian government is investigating the

potential of air cushion cargo craft for arctic and subarctic operations. Acurrent
prototype is designed to carry a 20-ton payload at speeds up to 60 miles per
hour. Power is supplied by two 1300-horsepower gas turbine engines. Although
the stated goal of the program is to utilize state-of-the-art materials, it is
likely that serious consideration will be given to weight-saving advanced com-
posites, particularly because of the range sensitivity of hovercraft to excess
weight. Composites would aid in the transportability of the modular construction
used (ref. 261).

Applications of NASA-developed composites could include those previously
discussed, such as rotary seals and bearings, fan blades, buckets, lightweight
structural elements, thermal and noise isolation systems for crew and/or
passenger comfort, selective reinforcement (hybrids) of highly stressed parts,

and lightweight deck panels.
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Conveyor belts.— Conveyor belts are generally subject to two principal

types of resistance, roller and grade resistance. The latter is due to the
differences inelevation through which the load moves. Little can be done about
the gravitational effect, but the rolleror idler pulleys can be made more efficient
by the use of NASA studies on those composite materials useful as bearings
and seals (refs. 83, 150, 164). The belt construction may also benefit from
the inclusion of higher modulus fibers which would reduce the complexity of
tension control subsystems.

Homologs of cargo carrying conveyors may ultimately find use as people
transport devices within the inner city complex.

Aerial tramways.— Although limited in use, aerial tramways serve a critical

need in regions of severe terrain. Itis possible that longer cable spans could
be realized through the use of braided or otherwise combined graphite and/or
boron/steel cables. Additionally , longer spans would reduce construction cost
and time by making possible a reduction in the number of towers required.
Towers, when required, could be constructed of NASA-developed composites
suitable for tube or truss structures, such as the S-glass and boron/epoxy
tubes shown in table XXXII (refs. 16, 18, 152, 158).

As noted earlier, bearings and clutches could also benefit from NASA-

supported studies (refs. 83, 250).
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Utilization Cifice

F.P. Lalacona, Astronautics Fiber/metal matrix composites

Lab., Materials Division Metal composite fabrication
methods
L.M. Thompson, Astro. Fiber/polymer matrix composites
Lab., Materials Division Insulation systems
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Name and Organization

Hill M. Walker, Product
Technology and Process
Eng. Lab., Materials
Division

Wayne Morgan

Astro., Lab., Materials
Division

E.A. Hasemeyer, PT & PE

Lab., Materials Division in space
Keith Demorest Lubrication i
H. M. King Fiber reinforced ceramics
E. Brown, PT & PE Lab., Fiber /metal matrix composite
Materials Division fabrication methods
D.B. Franklin, PT & PE Aligned eutectic alloys "
Lab., Materials Division

V. NASA Goddard Space Flight Center, Greenbelt, Maryland 20771, f

Telephone (301) 982-5042 -

A, Fisher, Special Non-metallics such as rubber 982-5322
Materials Office and plastics, foams, etc. .

VI. NASA Manned Spacecraft Center, Houston, Texas 77058,
Telephone (713) 483-3111

John Wheeler, Technology
Utilization Office

Glen Ecord, Eng. and
Devel., Structures and
Mechanics Division

1. K, Spiker, Eng. &
Devel., Structures and
Mechanics Division

J. Pavlosky, Eng. &
Devel., Structures and
Mechanics Division

Field of Interest Phone No.

Fiber /polymer matrix composite
processing

Fiber /metal matrix comp.

Aligned eutectics, casting

Technology utilization 483-3809

l iy 4

Materials technology systems,
boron fiber /aluminum radiator
panels

Materials technology systems,
high temperature polymers, high
temperature thermal protection
material, adhesives for high
temperature use

o ol BRI i s R =

Thermal protection systems,
carbon-carbon composites
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Name and Organization Field of Interest Phone No.

D.J. Tillian, Eng. & High temperature thermal
Devel., Structures and protection systermns
Mechanics Division

Dr. Matthew Radnofsky, Flame retardant materials and
Eng. & Devel., Crew composites for spacecraft, air-
Systems Division craft, housing, and personnel
Dr. Fred Dawn, Eng. & Flame retardant fabrics systems

Devel., Structures and
Mechanics Division

TR

Jack Naimer, Eng. & Flame retardant fabrics and
Devel., Structures and elastomers
Mechanics Division

B R

o Hiagers b iy Fmians

Dale Sauers, Eng. & Flame proof asbestos fabric and
Devel., Structures and multilayered flame proof
Mechanics Division composites
VII. NASA Ames Research Ceater, Moffett Field, California 94035.
Telephone (415) 961-1111 i
Brad Evans, Technology Technology utilization 961-1111
Utilization Office
i
A.V, Karpen, Technology Technology utilization 961-1111
Utilization Office
Horace Emerson, Technology utilization 961-1111 £
Technology Utilization =
Office :

Dr. John Parker, Chemical Flame retardant foams
Research Projects Office

Carr Neel, Chemical Flame retardant coatings
Research Projects Office

Howard Goldstein, Thermal High temperature thermal

Protection Branch protection materials
Charles Kubokawa, Bio- Composite materials in air-
Technology Di. sion craft seating, conforming

foam for seating
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VIII, NASA Lewis Research Center, Cleveland, Ohio 44135.
Telephone (216) 433-4000

Name and Organization

P,E, Foster, Technology
Utilization Office

Harrison Allen, Technology
Utilization Office

H.E. Sliney, Fluid Systems
and Components

Charles Zalabak, Chemical
Rockets

John Weeton, Composite
Material Branch

Jerry Winters, Chemical
Rockets

R. A, Signorelli, Composite
Material Branch

Richard Kemp, Structural
Mechanics and Polymers
Branch

Christos Chamis,
Structural Mechanics and
Polvmers Branch

Field of Interest Phone No.
Technology utilization 433-4000
Technology utilization 433-4000

Solid lubricants, graphite fiber
composite aircraft brakes

Thermal protective coatings
for liquid propellant rocket
motor combustion chambers

Dispersion strengthened
alloys

Ablative in-alation in oxidizing
environmental and erosion
resistant coatings for rocket
nozzles

Fiber reinforced metal matrix
composites

Fiber reinforced polymer
matrix, composite structures,
filament wound pressure vessels

Structural analysis of fiber

reinforced polymer matrix
composites
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APPENDIX C: GLOSSARY

Aligned Eutectic: See the definition for directionally solidified eutectic
alloys.

Annular: Ring-shaped.

Borsic: Silicon carbide coated boron fibers. (United Aircraft Coc. proprietary
treatment. )

Brazing: A process which joins metals and involves the use of a filler mate-
rial having a melting point higher than 800°F but lower than the metals
to be joined.

Cermet: A composite which consists of ceramic particles embedded in a
metal.

CNR: Carboxy nitroso rubber - a flame resistant elastomer.

Collimated: Unidirectional arrangement of fibers.

Compatibility: The property of two or more substances to combine with each
other to form a homogeneous composition.

Composite: A material made up of several identifiable phases, combined in
an ordered fashion, to provide specific properties, different from or
superior to those of the individual materials.

Core: The central part of a sandwich construction, to which the facings of
the sandwich are attached.

Cryostat: Insulated container used to store fluids at cryogenic temperatures.

Cure: Process of polymerization of a resin, usually by heat and/or catalytic
action, with or without pressure,

CTOL: Conventional take-off and landing aircraft.
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Diffusion Bonding: Method of joining metals by forming a bond between two
similar or dissimilar surfaces, without the presence of a liquid phase
at the interface, by means of pressure and heat. -

Dimensional Stability: Property of a material or part to show minimum
change in shape and/or size throughout a temperature range.

Directionally Solidified Eutectic Alloys: Using a selected alloy composition,
particles of high strength and/or special physical properties are pro-
duced, aligned and bouad to the matrix in one process. A controlled -
temperature gradient causes directional solidification of the alloy and a
directional heat flow pattern is developed. The controlled cooling causes
directionality in the two phases.

Dispersion: Distributing a particulate reinforcement through a matrix
material. N

Drostholm Process: Filament winding process to produce continuous lengths

L

of glass fiber reinforced polyester or epoxy pipes, tubing, tankage,

plating, etc.

Electroless: Catalytic deposition from solution in which the deposited mate-

s i R

rial catalyzes the reaction so that deposition is continuous.
Electron-Beam Vapor Deposition: An electron beam is used to vaporize
material for purpose of deposition.
Electron-Bearn Welding: A high power electron gun generates a narrow
stream of high velocity electrons which produce a narrow zone of

molten metal. This fuses the parts together.

IRTPEE . MRRGE TR e Y O L Sl
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Eutectic: Intimately mixed solids, frequently two, formed upon cooling from
a liquid solution, the number of solids being the same as the number of
components in the system. The eutectic melting point frequently has the
lowest melting point in the material system.

Fibers: Relatively short lengths of various very small cross section mate-
rials. Prepared by chopping longer filaments, or made as such
originally.

Fiber Composites: Continuous or discontinuous fibers dispersed in a matrix
to serve as a reinforcement.

Fibrils: Very fine, inorganic fibers.

Filament: Individual fibers of any length.

Filament Winding: Strands, impregnated with resin, are wound tightly on a
mandrel (cylinder) in a prescribed pattern that varies with the type of
revolution of the cylinder or the winding, or both.

Fillets: A rounded filling of the internal angle between two surfaces of a part.

Flake Composites: These consist of thin, two-dimensional particles,
oriented in a planar relationship and dispersed in a matrix or held
together by an interface binder.

Floc: Very short fibers, usually cellulose or wool.

Foamed Plastics Resins in a flexible or rigid cellular form, with inter-
connected or closed cells.

Fusion Joining: A welding process in which the materials in the parts to be
joined are heated until they melt together.

GRP: Glass fiber-reinforced plastics,

Hand: Touch or feel and drape characteristics, particularly of a fabric.
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Hat Section: The cross section of a thin-walled structure that has the shape
of a hat ().

Honeycomb: Resin-impregnated sheet material of paper, glass fabric, etc.,
or sheet metal formed into connected hexagonally shaped cells and used
as core stock in honeycomb sandwiches.

Hybrid Composites: A material formed of a composite and a monolithic struc-
ture; e.g., a hollow aluminum extrusion filled with epoxy-impregnated
boron fibers.

Impregnate: Saturation of the reipforc;ement with a resin in reinforced
plastics.

Infiltration: Process of permeation of a skeletal matrix by the reinforcing
material, or permeation of reinforcement fibers by the matrix,

Interface: The surface between two different materials.

Interfacial Bonding: Similar to diffusion bonding but not necessarily in
metals,

Intumescence: This phenomenon is caused by the presence of a gas-iiberating
agent in a composite. When heated, the material foams and has a tre-
mendous volume change. In the form of a paini film, heat causes swell-
ing, and a fine textured, _low density foam is formed with good insulating
properties and good resistance to ignition. The gases evolved may also
serve as flame quenchers.

Laminar Composites: Two or more layers of material bonded together.

Lay-up: In reinforced plastics, the reinforcing material is placed in position
on the mold by hand, rather than by machine injection or by press action,

Lenticular: Lens-shaped.
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L.OX: Liquid oxygen.,

MAGLEV: Magnetically levitated vehicles.

Mandrel: The ~ore around which paper-, fabric-, or resin-impregnated
glass is wound to form pipes or tubes,

Mat: A fibrous material of randomly oriented filaments, used to reinforce
plastics,

Matrix: The material used to bind together the reinforcement material, to
transfer the load from fiber to fiber or from particle to particle. The
matrix determines the shape and form o” cthe composite.

MHD, Magnetohydrodynamics: The interaction between an electrically con-
ductive liquid and the electric and magnetic field. The fluid may be an
ionized gas or a conductive liquid.

MLI: Multilayer Insulation System.

Modulus of Elasticity: The ratio of the stress or load applied to the strain
or deformation produced in a material that is elastically deformed.
(Young's Modulus.)

Modulus, Shear: The ratio of the shear stress to the strain in the material,
over the range for which this value is constant.

Modulus, Tensile: The ratio of the tensile stress to the strain in the mate-
rial over the range for which this value is constant.

Monolithic: Single phase, bulk material,

Neuromuscular: Pertaining jointly to nerves and muscles,

Omniweave: (@ Three-dimensional weaving. Fabrics are produced with multi-
directional fibers and the interlocking fibers are woven in three dimen-

sions so that there are no discrete layers.
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Opponens: Any of the several muscles of the hands or feet which allows
movement of fingers or toes toward each other.

Orthopedic: Correction of deformities of the skeletal system, either hones
or muscles.

Orthosis: The straightening of a deformity.

Particulate Composites: Particles of varying size and of regular or irregular
shape, embedded in a matrix.

PBI: Polybenzimidazole.

Phase: Homogeneous, physically. distinct and mechanically separable portion
of a mixture.

Plasma Spraying: Material heated until ionized before spraying.

Prepregs: Catalyzed ready-to-mold material in sheet form, comprising
cloth, mat, or paper which is impregnated with resin and stored for use.

Prosthetic: An artificial substitute for a missing part of the human body.

psia: psi, absolute

Pultrusion: Manufacture of rods, tubes, and structural shapes by pulling
thermoset resin-impregnated fiber bundles through a die and a heat-
curing zone.

Pyrolysis: Chemical decomposition by heat.

Radiopacity: Opaque to x-rays.

Reinforcement: The structural component of a composite, which may be in
the form of fibers, flakes, particles, or laminae. They may be held or
embedded in the matrix and determine largely the physical properties of

the composite.
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Rovings: A collection of bundles of continuous filaments, either untwisted
strands or twisted yarns. They may be lightly twisted, but for filament
winding they are generally wound as bands or tapes with as little twist as
possible, Glass rovings are used predominantly in filament winding.

Sandwich Construction: Panels composed of a lightweight core material,
honeycomb or foamed plastic, etc., to which two relatively thin, dense,
high- strength facings or skins adhere.

Scrim: A low-cost, non-woven, or very open-weave reinforcing fabric.

SEMI: Self Evacuating Multilayer Insulation.

Sizing: Application of a material to a surface, in order to fill the surface
pores and irregularities and reduce absorption of the adhesive or coating
which is then applied. Sizing also may be used to improve adhesion.
The material used for this purpose is also called a primer.

Skeletal Composites: These are composed mainly of a three-dimensional,
continuous network constituent, into which is introduced a second consti~
tuent. An open-celled foam filled with resin and a filled honeycomb are
examples.

Slurry: A thin, watery mixture of clay or other finely divided material and
water or other liquid.

STOL: Short take-off and landing aircraft.

Superconductors: Materials whose electrical resistivity becomes zero at a
temperature near absolute zero.

Syntactic Foam: A cellular plastic formed by incorporating very small

hollow spheres or micro-balloons in a resin matrix.
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Tack Welds: Tack welds are used in part assembly and consist of a series of
short welds at convenient distances along the unit.

TACV: Tracked air cushion vehicles.

Teflon, TFE: Polytetrafluoroethylene.

Teflon, FEP: Fluorinated ethylene-propylene copolymer.

Tows: Graphite fibers made from rayon precursor, are prepared in bundles
of 1000 to 10, 000 collimated filaments, either twisted or untwisted.

Unidirectional Laminate: A reinforced plastic laminate in which most of the
fibers are oriented in the same direction.

Velcro: This fastener is a composite utilizing a fabric pile and nylon or other

plastic hooks.

Vitallium: 30% chromium-5% molybdenum-65% cobalt. A metal used for

()

internal prostheses.
VTOL: Vertical take-off and landing aircraft.

Wetting: Ease with which a liquid will spread or flow over a given surface.

bonsid  hosmd

Whiskers: Elongated crystals ranging in size from submicron, i.e., less

than 0, 0004 in., to over 0,001 in. in diameter.

biiios
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APPENDIX D: SUBJECT INDEX

A-frames, 105

Aerial tramway, 217

Agricultural applications, 20, 98-106
Aircraft, 203

Air cushion vehicles, 216

Antenna supports, 141

Appliances, 123

Archery, 126

Arch supports, 159

Automobiles, 209

Beams, 26, 133, 195, 217
Bedding, 126, 166

Bicycles, 129

Bilaminar composites, 68
Bimetallic composites, 66, 114
Blood-pressure cuff, 168
Boating, 122, 126, 130, 212
Boilers, 187

Bonding, 115

Boron fiber composites, 22, 27

Brakes, 211
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Cables, 217
Camping equipment, 128
Ceramic/Metal composities, 73
Cermets, 83
Chemical applications, 20, 106-120
Cryostat, 62, 104, 167
Insulation, 58
Pressure vessels, 48, 107
Reactor vessels, 107
Tubing, 26, 111, 137
Clutches, 214, 217
Coatings, 68, 114, 162
Composites
Applications, 20
Bilaminar, 68
Bimetallic, 66, 114
Ceramic/Metal, 73
Definition, 2
Fiber, 3, 7, 21, 30
Film, 59
Flake, 3, 8, 96
Laminar, 4, 8, 57, 70
Particulate, 4, 8, 81
Production, 9-13
Properties, 7-8

Skeletal, 4, 8, 73
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Counstruction Applications, 20, 132-142

Beams, 26
Tubing, 29
Construction equipment, 139
Consumer goods, 20, 121-131
Insulating systems, 58
Conveyors, 107, 217
Cooking utensiles, 124
Cost - see Economics
Cranes, 140
Cryostat, 62, 104, 167

Cushioning, 125, 156

Dental materials, 168
Directional solidified eutectic alloys,

Dispersion-strengthened alloys, 85

Economics, 14-18
Cost effectiveness, 39, 192, 209
Fiberglass, 44
Fiber price, 7
Film laminates, 65
Fire resistant fabrics, 179
Weight reduction, 147, 193

Elecirical conductors, 190

88

Electrical transmission lines, 20, 189
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Elevators, 139

Emergency blankets, 166

[

Fiberglass, 41
Films, 58
Filters, 20, 118

Fire fighter suits, 176

'

Fire proof/resistant materials, 20, 71, 73, 119, 125, 172, 200, 201

+

tama.\ s

Flake composites, 3, 8, 96

Foams, 73, 119, 201

t viia.«“«l

Furnaces, 116, 187

‘ © aiin A

Furniture, 122

Gaskets, 20, 117 3 i

Gears, 20, 124, 145, 206, 212
Housings, 124, 149

Generators, 187

Gliders, 131

Golf clubs, 126

Graphite fiber composite, 23, 30

Heart valves, 164
Heat exchangers, 20

Helmets, 181

High temperature applications, 68

Greenhouses, 131 .
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Honeycomb, 71, 81, 136, 196, 207

Hydrofoils, 130

Infiltrated structures, 26, 99, 112, 144

Beams, 26, 133, 195, 217

Ladders, 102, 123
Inflatable structures, 63, 99, 105, 120, 131
Insulation systems, 58, 115, 124, 135, 137, 207, 211

Intumescent paints, 79, 201

Joining, 115

Ladders, 102, 123
Laminar composites, 4, 8, 57, 70
Lubricants, 20, 85, 101, 116, 144, 206

Lumbering industry, 105

Machinery applications, 20, 143-150
Lubricants, 85, 144

Machine tools, 20

Matrix materials, 6
Metal matrix, 31, 49

Medical applications, 20, 151-171

Metal fibers, 48

Metallized film laminates, 64

Mobile homes, 136
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Molybdenum alloy fiber, 56

Motors, 207
Netting, 102

Oars, 126
Omniweave®, 33, 46, 197

Orthopedic devices, 160

Particulate composites, 4, 8, 81
Petrochemical applications, 20, 106-120

Pipelines, 214

Pipes, 20, 111, 137

g W

Pole vaulting poles, 128

P

Portable structures, 20, 99, 131, 138

Power generation and distribution applications, 20, 185-191
PRD-49, 47, 49, 110, 129

Pressure vessel, 48, 107

Propeller blade, 195

Prosthetics, 152

Pyrrone resins, 119, 124, 138

Rail transport, 206
Reactor vessels, 107
Recreational items, 126

Reinforcing materials, 6

N L

282




Safety applications, 20, 171-184, 200G

Scaffolding, 20, 139

Seals, 20, 117

Shafts, 148

Skeletal composites, 4, 8, 73
Skis, 126

Splints, 165, 167

Springs, 123

Stainless steel wire, 53

Step stools, 123

Superconductors, 188

Tanks, 20, 99, 111
Tantalum fiber, 51, 163
Tennis racquets, 126
Tensile properties
Composites, 23
Fiberglass, 45
Fibers, 7
Foam materials, 78
Metal matrix, 31
Tantalum composite, 52
Whiskers, 94
Wire reinforcement, 54

Textile machinery. 146, 150
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Thermal insulation, 115
See also insulation systems
Tires, 212 %
Transportation applications, 20, 192-217
Beams, 26, 133, 195, 217 J
Engine support structure, 40 J
Gaskets, 117
High temperature, 68 j
Honeycomb, 71
Insulation systems, 58
Lubricants, 85, 101, 116, 144, 206
Pressure vessels, 48
Seals, 117
Support structures, 131
Turbine blades, 50
Trucks, 209

Truss construction, 133, 140

Tungsten fibers, 50, 112, 189

Turbines, 187

Hacirghn. {0

TZM fibers, 56

Upholstery, 125

Velcro fasteners, 176

Vibration damping, 143
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Tubes, 29, 111, 137 '




Weaving, 45
b
Weight reduction, 193
] Whisker composites, 91
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